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PREFACE 


This  report  was  pieiinrad  by  the  Materials  Engineering  Bninuh  under  Project  1926,  ‘Aircron  Wimbhicid 
Deveiopnwnt.''  It  was  adminisfaed  under  the  direction  of  the  Wrigin  Laboratory,  Materials  Directorate  and  Flight 
Dynamics  Directorate.  Air  Force  Material  Command. 

The  technical  papers  ettdosed  in  thb  report  were  presented  at  the  Plight  Dynamics/Materials  Directorate 
"Conference  oa  Aerosptxe  Transparent  Materials  and  Enclosures,"  licld  at  the  Sheraton  Harbor  Island  Hotel,  San 
Diego,  California,  on  9-13  August  1993.  Mr.  Samuel  A.  Maruiu  served  as  Confctt»icc  Chairpenton. 

There  were  many  who  contributed  to  this  very  successful  and  timely  conference  which  covered  enhanced 
enciosuie  maieriais  and  advanced  design  technology.  Special  thanks  arv  expressed  to  Mr.  Russell  E.  Ut%i.  WL/FI VR. 

Cor  providing  a  auperior  perfonnanet  as  Confluence  Technical  Cliaitpcrson  and  as  Conference  Chairperson  for 
Systems  Technology.  Qratitude  and  appreciation  are  expressed  to  Mr.  TIiciNJore  J.  Reinhart.  WUMLSE;  Mrs.  Louise 
Fame,  Mit.  Maty  Wright,  and  Ms.  Evie  Beyers,  all  of  the  University  of  Dayhm:  and  Mrs.  Nancy  Holland  and  Mrs. 
Christine  Kindle,  V'right  Laboratory,  for  the  outstanding  job  nccutnidislHsd  :ix  Chairperson  for  Materials  Technology, 
Conference  Administration,  Conference  Secretary,  AdmiiiMinnive  AKsisuint.  a'.id  Cunfetemre  Aides,  respectively. 
Qratitude  is  also  expressed  to  U.  David  Hammershock.  WL/FIVR.  wIhi  served  us  Conference  Display/Exhibit 
Chairperson. 

-  Special  appreciation  and  thanks  are  expressed  to  Mr.  Ralph  i.  S|)cclinun,  WL/FIVR,  for  his  timely  help  and 

contribution  to  the  success  of  the  Conference. 

Appreciation  and  thanks  are  expressed  to  Col  Robert  L.  Hcrklotx,  Director,  Plight  Dynamics  Directorate, 
and  Dr.  Vincent  J.  Russo,  Director.  Materials  Directorjlc.  for  tlicir  stipistn  of  the  Conference  and  their  expressed 
support  of  this  technical  area.  Gratitude  is  also  expres-sed  to  Cot  Hcrklotx  and  U  Col  Brace  Thompson.  Deputy 
Chief  of  Fighter  Reqiremetus  for  Power  Projection  at  HQ  Air  CrHiibai  CtNiimand,  fur  tlicir  warm  wetcoming 
addresses  and  their  expressions  of  importance  of  this  technical  area  to  tiic  Air  Force.  Heartfcb  appreciation  is 
expressed  to  Mr.  Eric  E.  AbcK.  Chief  of  All  Technical  and  Engineering  OfieratHms  fur  the  F*22  System  Program 
Office,  for  taking  lime  from  an  overloaded  schedule  to  cliver  a  timely,  challenging,  inrormaitvc  keynot  address  which 
set  the  tone  for  the  technical  papere  which  followed. 

This  report  was  submitted  for  publication  in  Miuch  t9<M. 

PuMicaiion  of  this  report  does  not  cunsiiiulc  Air  Fmcc  a)inival  of  tiic  (iiidings  or  conclusions  presented, 
il  is  published  only  for  the  exchange  aixl  siimuiaiion  of  idciM. 
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ACQUISITION  MANAGEMENT  OF  CONStM.4BLfi  TECHNOLOGY 
UTILIZING  A  NOVEL  TECHNOLOGY  'ntANSmON  PROCESS 

Riwdl  E.  Uni » USAF 


ABSTRACT 

The  tnditioiial  q)pioach  towards  aoquishioB  oi  miUtaiy  hardware  is  inherently  slow.  By  the 
time  the  we^)cm  system  is  being  delivered  many  of  it's  subsystems  no  longer  meet  the  real  needs 
of  operational  missions.  Also,  missions  themselves  evolve  and  yesterdays  subsyston  may  no 
longer  be  adecpiate.  Hence,  the  system  is  forced  into  expensive  retrofit  in  order  to  gM  it  up  to 
the  desired  capability.  A  das^  example  of  this  occurs  with  the  aircrew  transparency 
subsystem.  Ty^cally,  the  aircrew  transparency  subsystem  is  of  secondary  cmremn  in  the  aircraft 
design  process  and  in  the  evolution  of  aircraft  mission  assignments  during  the  life  of  the  aircraft. 
This  can  result  in  an  urgency  driven,  very  oqpensive,  redesign,  and  in  this  current  tight  fiscal 
environment,  this  process  will  clearly  not  do  anymore. 

A  proven  process  for  accelented  transitim  of  recfanologres  can  be  used  to  overcome  these 
pit^lems.  This  process  to  nq)idly  transition  laboratory  RAD  to  operational  use  evolved  using 
princqnls  which  are  now  more  commonly  referred  to  as  a  TQM  approach.  This  process  can 
be  us^  on  any  subsystem  which  is  consumable,  that  is,  it  wears  out  and  requires  periodic 
-...rqriacement.  _ - - - - - - - - 

This  pqrer  oqiiairu  this  process,  describes  several  examples  of  its  qrplkation,  and  suggests 
qrplications  in  which  it  can  be  u^  in  a  broader  sense. 


INTRODUCTION 

A  common  criticism  is  that  the  results  of  Laboratory  Research  and  Developmoit  efforts  are  too 
slowly  exploited  into  better/clMsaper  operaticsd  hardware.  Rapid  advancements  are  being  made 
in  the  areas  of  cost  reduction  technology  and  to  achieve  technological  superiority.  These 
tecluKriogy  advancements  are  keeping  pace  with  the  ever  cbangiag  missions  demanded  of  the 
military. 

Because  some  of  these  technology  advancements  have  only  recently  been  available  and  the  rate 
at  which  the  laboratory  is  progressing  is  much  fester  than  before,  some  subsystems,  while 
accqXable,  may  not  be  optimal.  For  their  time,  these  subsystems  were  the  best  they  could  be, 
but  now  they  could  ben^  fiom  ftirther  technological  advances.  It  is  these  subsystems  diat 
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could  bendH  fhm  die  profiosed  process  to  n^Hdiy  tnnsition  the  Reseaieb  and  Deivelopment 
advancements  to  operadonal  usage. 

To  illustrate,  take  for  example  the  evolution  from  high  altitude  bombing  to  tow  altitude  precision 
strikes.  Among  the  various  aircraft  subsystems  which  must  also  evolve  concurrently  is  the 
aircraft  tranqiareney.  At  tower  altitudes,  there  is  an  increased  risk  of  biidstrifces,  as  well  as 
erosion  from  particulate  matter  su^iended  in  air.  The  tiaiuqMuency  system  must  be  able  to  cope 
with  this  new  environment.  The  transparency  system  of  an  existing  fighter  aircraft  is  a  good 
ocample  of  this  mission  evolutimi  and  its  resulting  consequences.  An  eariy  tranqrarency  system 
(canopy)  was  constructed  from  a  single  sheet  material  and  had  a  birdsteike  resistance  less 
than  200  knots.  It  soon  became  aj^parent  that  at  lower  altitudes  (bdlow  3000  ft)  an  increase  in 
birdstrike  resistance  was  needed.  A  canopy  was  developed  and  provided  protection  to  350 
knots.  However  more  problems  developed  because  of  this  tow  level  environment,  chiefly, 
abrasion  of  the  cj^opy  resulting  in  a  loss  of  optical  clarity.  (Operation  Desert  Storm  was  a  go^ 
example  of  this  ph^menon  being  experienced  on  many  aircraft.)  Aircraft  were  also 
performing  this  mission  at  greeds  higher  than  350  knots,  and  with  miboaid  equ^nnent 
necessitating  improved  optical  quality  of  the  canqry.  Consequently,  the  canopy  had  to  provide 
even  more  birdstrike  protection  as  well  as  abrasion  resistance  and  improv^  optics.  This 
requiiemem  evolution  took  place  over  a  15  year  period  during  which  more  complicated  canopies 
were  developed  to  meet  thc^  requirements  as  well  as  extending  the  service  life  of  these  p^. 
This  was  ail  accomplished  by  using  the  following  technology  transition  process. 

THE  PROCESS  -  "PRELUDE* 


Tlw  process  can  be  explained  much  like  the  tires  on  your  car.  They  wear  out  and  need  to  be 
replaced.  Your  type  of  car  and  to  some  degree  your  personality,  will  determine  what  type  of 
tires  you  will  purchase.  All  must  be  durable  arid  tow  coat.  The  qports  car  driver  will  insist 
upon  good  traction  and  manuerverabiity  for  negotiating  curves,  the  ofT*road  four  wheel  drive 
vehicle  will  opt  for  more  ru^ed  construction  and  better  traction,  and  f!nally  the  land  yacht 
owner  will  opt  for  quiet  and  comfort.  Bach  will  evaluate  the  perfbrmance  and  durability  of  their 
current  tire  against  these  standards  in  selecting  a  new  tire. 

The  tire  manufacturers  are  constantly  striving  to  provide  better  products  in  order  to  obtain  mote 
of  the  market  share  and  consequently  more  profit.  Hence,  the  consumer  (driver)  is  ftmed  with 
many  more  possibilities  than  say  a  year  or  two  ago.  He  may  consult  with  a  auto  mechanic  or 
test  agency  before  making  any  purchase  decisions.  Once  these  evaluations  ate  completed,  the 
consumer  will  make  his  choice  of  tires.  He  will  drive  tiieae  tires,  form  his  own  impressions 
about  their  performance  and  durability,  and  eventually  wear  them  out.  The  process  then  starts 
all  over  again. 

This  ovenimplifled  explanation  illustrates  the  key  concepts  involved.  One  ftndameaial  concept 
is  that  some  weapon  subsystems  are  of  a  consuimtole  nature  and  eventually  wear  out  And,  tiiat 
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when  they  do  wear  out,  the  replaconent  should  meet  the  requirements  necessary  to  fulfill  the 
mission. 

The  c^ratumal  users,  together  with  the  system  devdopms,  maintainers,  industry,  testing  and 
stq)p(»ting  laboratories  form  the  basis  in  which  this  process  w<»ks  (i.e.  the  stak^kfasrs.) 

The  secmd  ftindamental  concqpt  is  that  the  stakeholden  who  have  ownersh^  of  the  weapon 
system  want  to  deliver  the  best  product  they  can  possibly  achieve.  This  is  absolutely  imcessary 
fmr  successl  For  without  this  personal  commitment,  the  weapon  system  is  doomed  to 
me(&)crity. 

When  these  two  fundamental  conce{As  or  conditions  are  nMt  or  exist,  then  the  process  may 
proceed  as  oqtlatned  in  the  next  section. 


THE  PROCESS  ^  TUGUE* 

The  first  step  in  the  process  is  to  identify  what  perfonnance  and/or  suppoitabUity  features  of 
the  subsystem  should  be  improved.  The  subsystem  must  be  of  a  consumable  nature  and  would 
be  replaced  periodically.  Usually  a  standard  criterion  is  used  in  order  to  make  the  determination 
of  whether  the  current  system  is  good  enough  or  should  be  improved.  However,  this  standard 
is  of  a  dynamic  nature  and  changes  with  the  situation.  To  continue  the  transparency  example, 
the  Air  Force  uses  the  *444*  concqH  as  the  standard  to  which  transparency  systems  are 
compared.  Simply  stated,  a  tran^rarency  system  should  perform  its  mission  for  a  minimum  of 
four  years  after  which  it  should  be  able  to  be  replaced  by  no  more  than  four  techniciaDS  in  four 
hours.  Embedded  in  tins  standard  ate  both  performance  and  supportabiiity  features. 

Once  the  standard  is  identified,  a  decision  must  be  made.  That  is,  should  the  subsystem  be 
upgraded,  procured  as  is,  or  both?  Usually,  the  subsystem  being  of  a  consumable  nature  can 
be  upgraded,  but  the  upgrade  must  be  proven  sufficient  to  warrant  the  risk  of  purchase. 

This  decision  is  best  done  by  the  stakeholders.  The  using  commands  will  comment  on  the 
perfonnance,  the  maintainers  on  the  supportabiiity,  etc.  If  tire  current  subsystem  is  not  okay, 
then  the  stakeholders  must  proceed  to  the  next  st^. 

The  next  step  relies  upon  the  nippoiting  laboratory  to  a{^ly  emerging  technology  to  the 
subsystem.  The  laboratory  is  constantly  developing,  integrating,  validating  and  transitioning 
technology  to  meet  mission  performance  requirements  at  lower  cost.  Depending  upon  the 
maturity  of  the  technology,  the  subsystem  may  benefit  immediately.  It  is  impottam  to  note  that 
of  the  stakeholders,  the  laboratory  is  best  suited  for  this  task,  and  not  say  the  system  developer. 
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The  reason  for  this  is  that  quite  simply  the  laboratory  is  where  technology  risks  ase  taken  at 
minimal  cost.  Taking  new  technology  and  inserting  it  into  the  Bngineeiing,  Manufacturing  and 
Developmem  phase  is  much  riskier  and  more  coAly. 

When  the  new  technology  is  a^^lied  to  the  subsystem,  a  prototype  must  be  evaluated.  This 
evaluation  could  be  in  the  form  of  a  *critical  mqteriment*  or  an  ^operational  evaluation*.  What 
is  important  in  this  step  is  that  the  evaluation  must  include  idl  the  stakdiolden.  If  for  <»cample 
the  operational  command  was  not  present,  then  there  mmld  not  be  any  feedback  on  it's  uiitability 
for  field  use.  Likewise,  a  similar  logic  could  be  said  of  the  logistics  command.  The  basic  point 
is  that  the  evaluation  must  not  occur  ”in  a  vacuum*. 

If  the  operational  evaluation  was  a  success,  then  the  technologies  embodied  in  the  sibsystem 
could  immediately  be  procured  in  an  upcoming  spares  buy.  Again,  if  tiw  stakeholders  were 
properly  working  together  from  the  beginning  this  would  not  pose  a  logistics  prt^lem.  If  the 
subsystem  did  not  perfoim  as  desired,  then  back  to  the  li^ratoty  it  goes  for  continued 
technology  develc^ent.  This  mids  up  being  a  somewhat  cyclic  process  paced  to  coincide  with 
q)eciflc  upcoming  qMres  buys. 

As  a  case  example,  let’s  examine  the  transparency  subsystem  for  an  existing  bomber.  The 
current  production  design  windshield  had  a  service  life  of  less  than  one  year  (350  flight  hours) 
due  to  delamination  of  the  outer  glass  ply,  forcing  the  Air  Force  to  spend  $10  million  per  year 
for  spares.  Addressing  this  service  life  issue  was  truly  a  joint  effort  between  all  the 
stakeholders.  The  stakeholders  working  together  agreed  to  a  servwe  life  interim  goal  of  two 
years.  Doubling  the  service  life  to  two  yean  was  defmitely  not  consistent  with  the  fust  *4”  (4 
year  service  life)  in  the  *444*  concept.  But,  the  stakeholden  agreed  that  the  technologies  to 
support  an  interim  goal  of  two  yean  could  be  demonstrated,  whb  reasonable  risks,  in  time  to 
coincide  with  an  upcoming  spares  buy.  And,  that  the  savings  from  this  procurement  against  the 
interim  goal  would  be  a  welcome  rechiction  to  Air  Force  costs  of  ownenh^)  while  the  four  year 
service  life  goal  was  pursued. 

Technology  transition  to  usen  was  realized  as  the  prototype  windshield  designs  went  into 
production.  This  stakeholder  technology  exploitation  team  was  working  so  well  that  in  less  than 
one  year  the  stakeholden  again  selected  a  prototype  windsiueld  design  to  replace  the  current 
prochiction  windshield. 


The  new  windshield  designs  provide  l(X)i(  increased  service  life  at  half  the  cost  of  the  initial 
production  design.  The  Air  Force  is  expected  to  save  $7.3M  per  year  for  ^Mue  parts  as  a  result 
of  this  technology  transition.  This  savings  is  coming  from  increased  service  life  and  a  result  of 
competition  between  the  vendon.  The  unit  cost  of  the  windshield  dropped  from  $62K  to  $25* 
S33K  since  the  program  started. 
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The  key  reason  for  this  success,  is  the  close  relationship  that  has  been  developed  and  maintained 
between  all  the  Aakeholders.  The  users,  the  logistics  community,  the  laboratory  and  industry 
were  foil  team  members  from  the  earliest  phase,  and  their  active  pait}e4>ati(m  throughout  the 
program  ensured  a  smooth  and  t^id  transhkming  of  technology  as  socm  as  it  was  successfolly 
demonstiated.  The  team  is  continuing  in  its  quest  to  transition  emergiiqi:  technologies  to  meet 
the ‘444*  goal. 


THE  PROCESS  .  •VARIATTONS" 

We  have  encountered  many  applications  where  this  proc^  could  be  used  to  focus  teehnolo^ 
development  and  then  npidy  transition  it  to  operational  use.  One  area  which  is  just  beginning 
to  use  this  process  is  aircr^  engines.  The  Propulsion  System  Program  Office  at  Wright* 
Patterson  uses  a  similar  process  fo  replace  engines  in  high  performance  aircraft.  The  only 
criteria  for  successful  application  is  th^  the  two  fundamental  concqrts  discussed  eariier  be  in 
place.  Other  examples  include  tires,  brakes,  wheds,  and  ejection  seats.  This  process  is  not  just 
confined  to  subsystems  associded  with  aircraft  but  could  be  applied  to  any  weapon  system  or 
platform. 


SUMMARY 

This  paper  has  expUined  a  teclLiology  transitioo  process  to  nqridly  transition  technology  from 
the  iabmtory  to  operational  use.  The  only  criterion  neetfod  is  that  the  subsystem  be  of  a 
consumable  nature  and  the  two  fundamental  concepts  be  in  place.  Additionally,  this  process 
requires  a  "team  approach*  to  accomplish  the  transition.  This  is  probably  the  most  critical 
eiment  in  the  process,  because  if  this  teaming  did  not  occur  then  technology  transition  would 
be  just  "over  tte  wall*.  This  team  is  actually  the  stakeholders  in  the  weapon  system.  They 
have  a  personal  commitmern  to  producing/maintaining  the  best  system  for  the  operational 
commands.  Together,  a  close  working  relationship  among  the  stakeholdets  is  the  key  fo 
successfol  technology  transition. 

ENDNOTES 

I.  Draft  Proposed  Aeronautkal  Systems  Center  (ASC)  Technical  Planning  Integrated  Product 
Team  Chatter  dated  4  Dec  92.  This  charter  brings  together  the  vital  stakdiolders  in  die  systems 
acquisition  process  in  a  forum  to  meet  projected  operational  user  needs. 
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ABsnucr 


A  driving  tMtor  for  the  devek>ptnent<itd  acquisition  of  m&iUfy^steiti$i$siipportalHlity.  However, 
thfo  has  not  alwasrs  been  the  case.  TaJie  the  United  States  Automotive  Industry's  ocperienee,  from  leading 
the  Intematioaal  Conmwnity  in  automotive  qualiQr,  to  (ailing  behind  Japan  in  building  supportable 
technologies,  and  then  back  to  investing  resources  to  develop  supportable  systems.  Why  the  turnarounds? 
Because  the  eustomer's  feedbadc  was  that  suppertability  was  one  of  their  main  considerations  in  buyii%  a 
new  car.  LDcewise,  the  US  Militaiy  has  learned  6nm  the  Automotive  Industry  the  importance  of 
supportaUe  systems.  In  the  1970s,  leaders  in  the  Defiense  Department  established  actiuisition  logistics 
orgaidzations  to  develop  the  tools  and  expertise  to  aDow  future  systems  to  quantitatively  counterbalance 
performance  requireroents  with  aupportabOity  requirements  as  design  drivers.  Now  dug  the  DoD  has 
empowered  the  tedtnology  customers  with  tlw  economic  resources  to  buy  into  their  own  systems,  versus 
putting  up  with  what  they  were  historicaQy  given,  the  acquisition  community  must  take  an  Automotive 
Industry  approadi  to  developing  weapm  systems. 

Our  acquisition  loidstics  organizations  now  have  the  experts  and  tools  to  meet  our  customer's 
needs  and  to  work  with  industry  to  foither  improve  our  systems.  This  paper  will  address  the  methods  and 
tools  that  are  available  to  determine,  develop,  demonstrate,  and  transition  supportable  tedmology/systems 
to  our  customers.  Specifically,  it  will  atkbsss  these  methods  as  applicable  to  transparency  qrstema 
tednxdogy. _ _ 


PART  T  THE  METHODOLOGY 


omioDucnoN 

The  Japanese  Industries  use  quality  process  improvements  to  quantitatively  improve  their  overall 
way  of  doing  business.  The  concept  is  that  business  processes  and  product  development  can  be  quantified, 
and  dVerall  output  results  can  be  measured.  Product  performance  can  be  measured  by  collecting  field 
results  data.  Process  performance  can  be  measur^  through  |)roduct  perfomumce  data,  product 
performance  data  trends,  customer  feedback,  and  economic  anidysis.  The  Japanese  have  sho^  that 
implementing  these  ooOectioa  methods  and  feedback  loo|»  is  necessary  for  an  oiganiation  to  be 
competitive  in  our  current  environment 

How  does  logiatics  tie  into  this  concept?  By  quantifying  the  development  imxesses,  determining 
what  performance  data  to  collect,  how  to  co0e<g  it,  collecting  it,  and  then  using  results  data  to  imimve  the 
development  procesaea  and  products,  you  have  the  key  to  incorporating  logistica  into  a  technology 
program.  Whether  the  program  is  automotive  proikiction,  iieraonal  computer  prMhiction,  military  aircraft 


'  Prepared  for  presentation  at  the  1993  Aerospace  Transparent  Materials  6 
gnelosurss  Conference,  held  in  San  Diego,  California  on  9-13  August  1993. 

*  Deputy  for  Logistica,  Vehicle  Subsystems  Division,  Wright  Laboratory. 
WL/FXVR,  Wright-Patterson  APB.  OH  45433-6SS3. 
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prodttctioii,  or  a  new  research  and  development  proffram  for  aT-38  transpareiKy  system,  the  devefopment 
ci  quantified  processes,  collecting  field  data,  and  implementing  a  results  baa^  foedback  improvement 
process  is  how  logistics  must  be  incorporated  into  prognuns. 

Let  us  consider  the  research  and  development  (K&D)  types  of  programs.  RAD  programs, 
excluding  the  very  basic  research  programs  (referred  to  as  6.1  and  6.2  programs  by  the  mifitary).  are 
^milar  in  process  to  the  much  more  elaborate  major  system  developments,  such  as  the  F>22  atmaft 
program.  On  large  scale  production  programs,  such  as  the  F-22.  logistks  is  s  formal  process  and  managed 
by  the  acquisition  logisttcs  department  of  the  |)rogram  ofilce.  They  are  focused  on  such  development  herns 
as  the  technical  orders  (TOs),  the  8U|>port  equipment  (SE),  the  training  for  nsaintenance  and  support 
personnel,  etc.  In  the  RAD  programs,  these  types  of  logistica  elements  also  need  to  be  taken  into  account, 
but  more  from  a  common  sense  engineering  pertgiective  versus  developing  all  these  logittics 
requirements.  For  example,  if  a  new  transparency  system  is  being  developed  in  a  laboratory  program,  it  is 
not  reasonable  for  the  research  engineer  to  fle^l^  the  compl^  teelmicd  orders  for  retrofitting  this 
ayatem  onto  a  particutar  aircraft  However,  it  is  rraaonable  for  the  research  engineer  to  study  what  die 
current  technical  order  ivquiiementa  are  for  maintenance  on  comparative  transparency  systems  and  then 
assess  the  RAD  design  t)  determine  what  Impacts  the  new  technology  will  make  on  the  maintenance 
community.  This  concept  seems  very  simple,  but  in  the  majority  of  historical  research  programs,  the 
technology  was  only  dri^  by  the  g^  of  achieving  a  performance  requirement  The  need  to  fit  the 
technology  into  an  operational  system,  aiMl  to  develop  the  logistics  support  for  H,  was  typically  considered 
to  be  the  responsibility  of  the  system  program  office  @PO)  for  the  production  system,  and  the 
technologists  "threw  the  proUem  over  the  wall"  to  the  SPO. 

This  disconnect,  and  the  associated  fscpense  to  redevelop  an  optimised  system  with  the  new 
technology,  was  the  baria  to  matrix  reliability,  maintainability,  and  suppoiiabiUty  (RMAS)  engineers  into 
the  Air  Force  Labs.  Their  job  is  to  support  the  RAD  program  managers  in  developing  supportable 
technologies.  They  do  this  by  creating  business  processes  for  incorporating  logistka  requirements  into  the 
programs,  establishing  logistics  requirements  for  the  developrnent  effort,  and  uaing/developing  the 
logistica  tools  required  to  support  the  programs. 


RELlABILnY.  BlAIhrTAlKABILnY,  aad  SUPPOKlABILny 

These  diree  terms  are  often  referred  to  aa  the  "flldea".  My  definition  of  reliabflity  it  the  inherent 
material  and  design  properdea  of  a  ayatem,  or  lubsystetn,  that  allow  it  to  frinction  Mure  free  for  a  specific 
number  of  operating  hours  bi  a  given  environment  ReliaUity  can  be  measured  in  quandtadve  terms,  sudi 
aa  mean  dine  between  a  spedllc  fidhire,  or  in  number  of  Mures  over  a  given  period  of  dme  for  a  group  of 
identical  parts.  Time  Is  die  oommon  denominator  for  measuring  reliabflity.  likewise,  my  definition  for 
maintainijriHty  is  a  qualitative  evaluation  of  a  system  or  subsystem  design  baaed  on  how  much  maintenance 
effort  is  reqidred  to  keep  the  system  operatlonaL  Such  concepts  aa  accesaroility,  mean  timea  to  repair, 
number  trf  maintenance  acUona  per  flight  hour,  etc.  are  all  consMeradona  for  evaluating  how  maintainable  a 
qratero  is.  And  supportability  encompuset  all  of  the  infrastnictun;  and  support  requirements  to  maintain 
the  system  or  aubayatem.  SuppMtabflity  is  also  a  quaUtadve  measure  of  a  design,  and  incorporstea  such 
concepts  aa  maintenance  fad^  requiretnenta,  maintenance  personnel  training  requirementa,  atortare 
lacffity  requirementa,  unique  parte  required,  consideration  of  rare  elementa  being  supplied  by  countries 
other  dian  the  USA,  etc. 

ConsMcring  the  three  "flldear  in  the  design,  and  fooUng  at  dK  RAD  program  frnom  a  common 
sente  engineering  perspective  will  produce  good  resulto  in  developiiig  a  tuppoitable  tedmology.  One  key 
is  to  balaiKe  the  RMAS  requirements  for  the  system  with  die  systm  performance  requirements.  Fbammy 
experience,  1  have  found  diat  the  system  iierformance  requfannenta  wifl  always  rule,  unkss  you  ure 
developing  a  totally  supportabflity  driven  iirogram,  such  as  the  hin^  reUabflity  fighter,  where  system 
pefformanoe  capabflities  were  traded  <rff  to  see  just  how  reliable  a  ayatem  could  be  designed.  However,  the 
proper  perspective  on  developing  a  8u|iportablr  RAD  program  ia  to  evaluate  die  impact  of  the  design  on 


RMAS.  and  make  Uradf^off  drdaions  baaed  on  this.  ConuiKHi  Mmai*  enijimHTing  usually  iirrvails  once  the 
RM&S  concema  have  been  identified,  and  after  the  traders  have*  been  made,  the  system  always  seems  to 
be  better. 


QUAKmnED  REQUIREMENTS 

It  is  difficult,  il  not  impossible,  to  set  RM&S  requirements  it  they  are  not  (piantified.  However,  I 
have  seen  Instances  were  contractuaJ  requirements  stated  only  that  the  contractor  should  imnsider  RM&S. 
Tm  not  sure  what  it  means  to  consider  RMAS.  in  the  eases  where  I  observed  this  problem,  the  contractors 
IModuced  nothimt  in  the  way  ol  RMAS,  and  since  there  is  no  way  to  enforce  the  term  "consider*  (at  least 
I'm  unaware  of  any),  the  program  usually  inoduees  lesa  than  desired  RM&S  qualities. 

Therefore,  ft  is  necessary  to  quantify  RM&S  requirements  for  each  program,  just  as  it  is  necessary 
to  quantify  Ute  performanoe  requirements  for  each  program.  The  Windshield  Program  Office  of  Wright 
UbofatMy  '  has  demonstrated  some  good  concepts  for  quantifyinfRM&S  requirements  in  their  windshield 
development  programs.  One  of  their  most  notable  escamples  is  the  444  concept  It  stands  for  a  4  year 
service  life,  with  a  champeout  by  no  more  than  4  technicians  in  not  more  than  4  hours.  This  is  a  simple 
concept  and  is  applied  to  their  oontractual  design  requireinents.  The  transparencies  can  be  qualitatively 
tested  before  final  acceptance,  with  the  444  concept  covering  RM&S  concerns  such  as  maintenance  man> 
hours  to  replace,  and  mean  time  between  failure  of  the  system.  In  addition  to  unique  concepts  such  as  the 
444,  there  are  a  multitude  of  other  tools  and  techniques  to  quantify  RMAS  requirements  on  a  research  and 
devefopmem  activity. 

What  is  the  right  amount  of  RMAS  requirements  to  add  lu  a  iwngram?  This  is  not  an  easy  question 
to  answer.  In  fact,  often  times  there  mty  be  many  answers  that  will  provide  good  results  for  a  supiwrtable 
technology  product  I  usually  consider  a  trade  between  the  overall  cost  of  the  contract  whether  or  not  the 
product  is  a  study  or  a  prototype,  whether  or  not  the  technology  iadirreted  at  a  iHutinlar  weapon  system 
or  is  more  gene^.  and  what  the  current  RMAS  concerns  are  on  similar  fiekM  technology.  The  real 
answer  to  the  question  is  the  same  answer  the  Defense  De|)artment  Leaders  came  up  with  in  the  1970s, 
which  was  to  establish  acquisition  logistics  organizations  to  deve1o|>  the  tools  and  ex|)ertise  to  support  the 
development  of  an  foturew«a|)on  systems.  A  point  to  make  here  is  that  there  are  many  tools  and  resources 
available  to  analyze  what  RM&S  factors  should  be  considered  in  a  development  effort,  and  in  turn  there  are 
many  tools  and  resources  available  to  determine  the  RM&S  |)anineters  for  given  designs,  but  it  does  not 
make  aenae  to  take  a  ahotgun  approach  with  placing  RM&S  requirements  on  a  program.  An  inexperienced 
project  engineer  ooukl  eaaOy  overwhelm  the  scope  of  a  develo|>ment  effort  by  blindly  appfyiiv  RM&S 
requireniemstoit 

For  example,  tefa  consider  a  new  windshield  deveioiHVient.  The  R&D  will  take  a  systems 
perspective.  It  may  be  appropriate  to  Include  a  contractual  requirement  for  one  or  two  tasks  from  MID 
STD'13M8>1A,  Logi^  Supixirt  Aiwlysis  (LSA),  to  be  iierfomied.  However,  placing  a  generic  statement  in 
the  statement  of  work  that  LSA  must  be  iierformed  on  the  effort,  or  incont^  tailoring  the  LSA 
requirements  coukl  cause  the  pro|ioaals  to  come  back  with  cost  estimate  ovemins  well  over  an  order  of 
magnitude  beyond  the  basic  research  costa.  The  reason  is  that  the  generic  ISA  tool  evaluates  facility 
requirementa,  maintenance  iiersottnel  training  requirenumls,  all  the  tech  orders,  etc.  None  of  these 
categories  are  typically  approfiriate  for  an  R&I)  effort.  However,  some  LSA  categories  are  ainnopriate  to 
R&D,  such  as  a  trade  study  of  the  technology  use,  or  the  maintenance  task  listings  fur  the  system,  etc. 

Common  senae  eugineerbig  is  the  key  to  effectively  utilizing  the  RMAS  tools  and  techniques  to 
develop  a  aupportable  technology.  Hie  methodology  of  ilevehiimig  quantifksi  RMAS  goa]s/conce|)ts  0  c> 
444),  measuring  the  results  that  these  goals  have  produced,  and  implementing  fact  baaed  imiirovements  to 
the  RM&S  concepts,  baaed  on  the  iiroa  and  cons  from  the  mrasurni  results,  is  a  method  I  have  found  to 
worh  effectively  fw  developing  aupportable  technologies. 


^Windshiald  Program  Offico,  WL/FIVR,  Wright >P<»tt»rson  APB,  Ohio. 
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PART  B  :  THE  mots 


MAINTENANCE  DATABASES 


Maintenance  (laUbaaes  air  one  of  the  tew  tools  that  the  RM&S  engineer  has  available  to  provide 
definite  results  based  data  to  support  tradeoff  decision  msking  on  a  technology  program.  The  Depaftment 
ot  Defense  maintahis  a  muiUtude  of  databases  on  every  hing  imaginable,  including  all  erf  the  weapon 
systems  that  the  US  owns.  Many  conu)anies  that  produce  particular  weapon  systems,  or  Mibsystems,  also 
maintain  their  own  maintenance  diabases  on  tlwir  systems.  The  databases  store  data  on  everything 
imaginable,  including  such  things  as:  the  number  of  flight  hours  for  every  single  system  per  day,  the  daily 
maintenance  performed  in  each  base  shop,  the  reliability  values  for  aO  the  various  weapon  systems  and 
subsystems,  the  cost  of  spare  parts  procured  for  each  subsystem  breken  into  various  time  periods,  etc. 
Some  (fotabases  are  rudimentary,  meaning  they  ^ote  only  raw  data,  such  as  a  backshop  log  of  what 
maintenance  was  performed  on  a  given  day,  by  each  technician,  and  what  work  was  completed  Other 
databases  are  higher  order,  meaning  they  not  only  contain  raw  dda,  but  they  will  utilize  this  data  in  their 
intental  programming  to  determine  Mgher  level  information,  such  as  quarUniy  supply  expenditures  per 
wing,  or  the  number  of  P-IS  windshields  that  were  replaced  in  a  given  month  by  the  USAF,  etc. 

One  shortcoming  of  maintenamte  daUdxises  is  that  they  are  only  as  go^  as  the  data  that  is  entered 
into  them.  In  my  experiences,  I  have  found  that  the  raw  data  coming  from  the  bases  is  not  always  accurate. 
An  example  to  prove  this  point  is  one  where  we  knew  that  the  Air  Logistics  Center  (ALQ  at  Hill  AfB 
procured  a  certain  number  of  P-16  tires  per  year.  As  we  were  searching  the  USAF  databases  on  P>16  tire 
wear,  we  checked  to  see  the  total  number  of  tires  that  were  replaced  in  a  year.  It  was  approximately  one 
third  of  the  number  of  Urea  that  we  procured  each  year.  Unlein  the  USAF  is  building  a  large  number  of 
warehouses  each  year  to  store  all  the  left  over  Ures,  the  numbers  are  inaccurate.  But,  for  the  moat  part,  I 
have  found  the  raw  base  data  to  be  usable  for  making  tradeoff  decisions,  as  long  as  I  remember  that  the 
data  I  am  basing  a  decision  on  is  someUmes  only  a  rough  estimate  of  what  is  actually  occurring  on  a 
particular  system.  And,  unless  we  Invest  a  large  amount  of  resources  to  collect  the  data  ourselves,  the  DoD 
databases  are  our  main  source  of  decision  making  information. 

The  following  information  is  derived  from  a  publication  produced  by  the  Supportability  Investment 
Decision  Analysis  Center  ($IDAC)  under  a  USAF  contract^.  It  to  a  good  reference  for  learning  more  about 
die  DoD  maintenance  databasesi  Here  are  a  few  of  the  main  DoD  maintenance  databases  that  I  feel 
provide  benefictol  information. 

REMIS  (Reliability  and  Mabitainabflity  Information  System)  The  objective  of  REMIS  to  to  provide 
the  Air  Force  wiUi  an  on-line,  comprehensive,  integrated  information  syst^  The  system  will  include 
maintenance  management  information,  equiiiment  inventory  information,  status  informatkm,  uUlization 
data,  configuration  data.  Mission  Capability  (MICAF)  data,  and  Awaiting  Parts  (AWF)  dsta.  REMIS  will  be 
an  equipment  maintenance  management  informatfon  source  for  aerospace  vehicles,  trainers, 
Conununication-EIectronks  (C-E)  equipment,  Automatic  Test  Equipment  (ATE),  Support  Equipment  (SE), 
and  other  reportable  items.”  "REMIS  when  folly  implemented,  will  replace  2ti  casting  date  systems.” 
Although  the  REMIS  database  was  supimsrd  to  have  sn  Initial  Operating  Capability  OOC)  in  1989,  the 
system  has  not  yet  become  folly  fonctiond. 

MODAS  (Maintenance  and  OfMTBUonsI  Data  System)  "The  otjecthre  of  MODAS  to  to  provide  sn 
on-line,  interactive  data  storage  and  access  system.  Its  primary  fonctfon  to  to  provide  a  Data  Base 
Management  System  (DBMS)  with  automated  analytica]  aqwbOities  to  support  RAM  and  Product 
Improvement  and  Product  Performance  Programs  e^Hshed  by  the  Air  Force.  MODAS  contains 
maintenance  man-hour  information  for  both  airborne  and  nonafabome  equipment,  and  operatiomd  data  for 
airborne  equipment”  MODAS’s  raw  data  comes  from  the  base  dsta  in  CAMS  (which  to  described  below). 
REMIS  to  shM  to  replace  MODAS  once  it  reaches  fon  capabnRy. 


^SIOAC  Data  Source  Catalog,  published  somecine  around  1990. 


t'AMS  MitiiiU'iiaiH-i*  t^slnn)  iihjm  tiv*'  «rf  t'AMS  in  t«  |>nwkfc*  an  on-Unc, 

baao-k'vt*]  inaiiitt'nanct*  r«ix>rtine  nyslrni.  CAMS  ia  mtt  tHim'iitly  availabk*  at  all  basu*  locaitofls.  CAMS  ia 
rt*t)lacini{  ttnr  iMrrvkMis  nunual  proi-^'aa  t>f  n*]x>rtinK  bwM‘'h'v<‘l  niaintonaiKu'  actkaw.  CAMS  can  imiMwc  the 
ftuality  of  (iaU  in  DOSS  and  KKMIS  aa  H  contains  an  tq^fronl  (Hlitinfr  cainbility  for  the  technician  who  is 
in|Hittin$;  the  maintrnancr  rrt>air  nr  service  action,  'this  syst(*in  contains  maintenance  data  for  a  S|)ecirH: 
base,  only.  Tliis  base  maintenance  data  is  transmitted  to  DOSb  so  system-level  statistics  such  as  MtliF  and 
MM/Fll  can  bt‘  compiled,  monthly."  'Ibe  CAMS  databam*  is  not  normaliy  acc(*8sed  by  acquisition 
l>enKiimei  Since  CAMS  ilata  is  raw  data  and  feeds  other  n'lalkMud  databases,  the  RM^  enstneer  tyitkally 
queries  a  histher  level  database  such  as  REMIS  or  MODAS.  Anti,  the  KEMiS  or  MOOAS  systems  can 
IHtKvide  higiMT  level  data  by  combining,  manqwkdimt,  and  cidcuialit^  overall  raw  ilata  from  around  the 
world. 

'nCAKKi  (Tactical  Interim  CAMS  and  REMIS  ReixMling  %stem)  "The  objective  of  TICARKS  is  to 
l>rovkle  an  oivtine,  maintenance  nimrting  system  for  the  F-16  and  ElSE  aircraft  which  includes 
engineering,  configuration,  and  logistics  data.  Data  is  also  provkk'il  via  taiie-UvUqie  transmissions  from 
each  F-lb  and  F-tSE  base,  on  a  daily  basis.  Ilw*  ta|)e  information  is  verified  and  kiaded  into  the  TICARRS 
database,  thiTeby  itrovkling  a  istmiilele  database  for  weatsHi  .systems."  'Hk*  'HCARKS  database  it  an 
example  of  where  the  SIH)  and  AIjC  wanted  more  accurate  infmmatkm  than  they  received  in  the  standard 
I  ISAP  tiaiabases,  so  they  invested  additkHud  resources  to  ikwi^foti  thi'ir  ewn  miHhod  to  collect  RM&S  data 
on  their  iqrsteim.  The  F-1 17  p  ogram  aiul  the  P-15  A/H/C/V  iHOgram  is  currently  establishing  a  TICARRS 
database  for  their  systems. 


UFE  CYCLE  COST  MANAGEMENT 

Another  KMAS  IradiMiff  that  shmikl  be  ctmskk-nsl  in  thi‘  ikntign  inroeess  is  the  life  cycle  cost 
impacts  that  the^  technology  will  have  im  a  subsystem  ami  overall  system.  There  an*  three  methods  that  I 
currently  use  ami  feel  provide  gmsi  information  to  allow  n^latividy  accurate  tradcMdf  di*cisions  involving  life- 
cycle  cost  amsiderations.  The  first  method  is  anoth(>r  l)oI)  dalaba.<H'  tind,  ami  I  again  n*ference  the  SillAC 
Ilata  Siwra*  Catalog.  The  secoml  naHhod  is  a  IISAF  softwan*  pnigram  tmil  that  alkiws  RMAS  engineers  to 
cakulaU*  a  lifixycle  cost  predktkm  for  the  system,  or  subsystem,  basiHl  on  the  imslicted  system  usage. 
'I'he  last  method  that  I  will  mentkm,  which  Ls  always  a  giMal  falibai'k,  is  the  simpk*  back-oMhe«nvelope 
calculatkms. 

VAMOSC  (Visibility  aiul  Maiiagt'menl  Ots'raling  SoiqMMrl  C*ost)  i)ataba.se.  "The  objective  of 
VAMOSC  U  to  imivitk*  oiierating  ami  hii|i|ioi1  costs  for  Air  Fimr  groumi  ciHniiiunk'atkms  ami  electronic 
equipment,  airc^,  ami  aircraft  subsystems."  "On-line  acti-ss  to  VAMOSt'  is  limitetl  to  thi'  IISAF  major 
acquisition  organization  |M-rsonm>l" 

CASA  (Cost  Analysis  Strati*gy  As.sesniiM*nt)  Mmh*ls.  'Hiis  is  a  USAI*'  written  timgram  that  allows 
llie  user  to  in|Nil  system/subsysteni  ussute  variabk-s,  (siwli  as  mimln-r  of  ain'raft  (ler  bttm\  mean  time 
betwiH*n  a  |iartk*ular  subsystem  faiiiin*,  etc.)  ami  have  Ihi*  imigrain  cakiilale  the  life  Cycle  Costs 
associated  with  fiekiing  a  iiartictilar  techmikigy  on  a  cum-nl  or  m‘w  system.  It  will  idso  allow  the  user  to 
perform  "what-ifs"  on  current  systems  to  4k*termim*  if  a  new  techmikigy  nqilMniMmi  system/subsyslcm  Is 
even  beneficial  frimi  a  cost  staml|Miinl. 

Mnally,  if  the  KMfftS  engim't*r  mssls  to  gi-t  soim-  qiik-k  iiiniibiTs  to  make  traik^iff  <k*cisions  with 
life  cycle  isisis  conakk-nsl,  I  n*coiiuiH‘ml  using  some  simpk*  Inwk  of  the  enveloiie  calculations.  'Ibis 
methml  often  will  imivkle  relativi'ly  accunile  infonnalkin  if  ymi  have  a  oaigh  kica  of  IIm*  prothtclion  ami 
suiqMirt  coirts  for  a  current  or  new  tc*chiMikigy  system/subsyslem.  I  have  found  that  the  Liw*  investment  of 
resources  requin*d  to  pnilk;f  life  t^ck*  cosU  conskk'ralions  is  mit  always  worth  the  investment  for  an  R*l) 
(echnokigy  develoiimeni  program.  1  bi*lk-v»*  the  n*sourc(*s  art*  much  bi*tter  s!H*nt  on  obtaining  an  accurate 
IHvdictkin  on  Uu*  imiiacl  of  the  techmikigy  to  the  maintenance  i‘ommunity,  ami  iiarticularly  on  technology 
transition. 
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OraER  RMAS  TOOLS 


TTwre  arr  many  other  RMAS  to«il»  availaMc  to  the  RM*S  miriiiw  as  rpsowrcrs  to  mtiiKMt  his 
technology  program.  TTw  follnwing  are  a  few  of  those  (hat  (  have  found  useful  as  resources  to  h^)  me  in 
supporting  advanced  transparency  systems  technologies  anti  the  other  vehkie  subsystems  advancetl 
technology  development  programs. 

RAM  2000  is  a  IISAF  imblication.  The  version  1  have  is  from  Octobef  1987.  The  imbliudion  is 
cleared  for  public  release.  The  objective  of  the  publication  is  to  tiefine  the  RAM  goals  for  the  IJSAF,  listetl 
in  order  of  priority,  such  as  "Increase  Combat  Ca|»biUty",  and  "lntte8.se  Survivability  of  the  Combat 
Support  Structure".  The  document  tlescrihes  the  |)rinciples  and  building  bloeks  to  develoft  these  goals 
widtin  an  acquisition  |>mgram.  It  describes  how  to  set  the  requirements,  how  to  integrate  the  rwiuirements 
into  the  development  inrogriun,  and  it  provkies  some  information  on  RAM  tools  that  can  help  the  RMAS 
engineer  with  implementing  the  RAM  2000  goals.  Even  though  this  document  is  sfae  years  okl,  it  is  still 
tin^  and  presents  many  gmid  kleas. 

The  logistics  Neetls  prognmi  was  ik-vi'iojiefl,  ami  is  managed  by  the  Arronauticid  Systems  Center 
at  Wright-Patterson  AFB.  l/igistics  Neerls  (IJnIs)  are  one  juigr  wrifiMqis,  kofg  in  a  large  debase.  They 
are  the  IJSAF,  USA,  and  USN’s  prioritunHl  technology  needs  wislvlist  for  imiimving  die  RMAS  of  their 
weaiion  systems.  The  IJ^  jirogram  receives  1 wrHe>u|>s  throughout  the  year  and  th«i  meets  with  the  LN 
representatives  and  RMAS  technical  exiierts  fmm  the  tiiservices  to  valklate  the  need  for  a  new  technology 
to  be  developed.  The  database  jirovkirs  a  hyiiertext  search  ca|»bilUy  for  RMAS  engineers  to  search  for 
particular  requirements  for  application  of  a  ti'chnolngy  develo|>ment  jirogTium.  This  tool  is  iiarticulariy 
effective  in  tech  transilfon,  with  an  emphasis  on  the  maintenance  community. 

Re-Bluing  Visits  ^BVs)  ami  Bluc-'l'wo  Visits  (BTVs)  are  techniques  that  1  have  found  very  usefol 
in  teaming  first  haml  what  (he  RMAS  issues  are  on  a  fiekled  system.  The  RBVs  and  the  BTVs  are  similar 
by  design  in  that  both  are  business  trqis  whine  acquisition  {lersonnel  are  taken  as  a  small  group  to  an 
operating  location  and  siiemi  a  couple  of  tiays  with  (he  maintenance,  supiiiy,  and  o))erating  iiersonnri.  The 
group  gets  hand»«n  maintenance  exiierience  amt  teams  first  haml  how  a  system  is  used  and  maintained  in 
..the  feld.  One  of  the  benefits  of  the  visits  is  that  the  acquisition  (lersonnel  see  for  themselves  what 
technology/design  kleas  work  well,  ami  which  ones  create  mainlemuKt*  problems.  The  grou|>  also  gets 
invaluable  experience  from  talking  with  (he  maintainers  and  learning  about  very  creative  work-arounds  to 
design  problems.  The  RBVs  ami  BTVs  are  not  for  the  designers  to  see  0|ierational  iiroblems  ami  design 
quick  foes,  but  Co  gain  a  better  umierstamiing  of  how  different  designs  work  in  the  field  and  aiqily  this 
knowledge  to  the  next  generation  designs.  The  ilifferences  between  the  RBV  ami  the  BTV  is  norm^  that 
the  RBV  is  usually  a  smaller  group  iff  only  government  ixnsonnel  that  visits  one  operating  location  and 
focuses  on  specific  technology  areas,  versus  (he  BTV,  which  is  usually  a  larger  group  of  high  ranking 
government  and  industry  acquisition  personnel  that  often  visit  nuiHiple  bases  on  one  trip  and  focus  on  an 
is'eran  perspective  of  maintaining  and  fiekling  various  systems. 

Integrated  Logistics  Support  Plans  (Il-JiPs)  are  another  tool  that  I  have  found  useftil  in  Stt|]|mrting  a 
technology  program.  Wherry  the  RBVs  and  BTVs  are  first  hand  observatfon  of  how  the 
system/subsystem  is  used  in  the  fiekl,  the  IliiPs  are  the  ifocumentation  on  a  particular  system  of  how  the 
design  is  to  be  used  and  suiHxnrteii  in  the  Ik-ki.  The  ILSPs  (irovkie  the  details  of  how  the  system  is  fieklrti 
from  the  tune  it  leaves  the  iiroiiuction  plant  until  it  is  useti  in  service  at  its  oiierating  location.  Even  though 
we  often  use  our  systems/subsystems  other  than  for  how  they  were  designed,  the  ILSP  of  a  i^atem 
provides  the  RMAS  engineer  with  the  information  to  base  kleas  on  what  impacts  a  new  technology  will 
have  on  a  fielded  system.  Combining  a  i^stem  ILSP  with  a  RBV  to  observe  first  hand  the  RMAS  issues  of 
a  fielded  system,  usually  provides  a  comjjrrhensive  jiicture  of  what  RMAS  factors  must  he  conskleml  in  a 
new  technofogy  develoiiment  program. 
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UNIQUE  RM&$  TOOLS 


The  available  RM&S  toots  ek'seribed  above  are  iienerk  in  nature,  nteaninK  they  are  desigiied  to  aid 
KMAS  enRinem  in  a  wide  ranse  of  technkal  diact|>]in(*s.  Many  RM  AS  enRirn’ers,  ami  |>n)Rrain  enRineers, 
have  invenU'd  unique  tools  to  supimrt  RM&S  trc.inok)(Qr  deveIo|>ment  factors  in  their  iiarticular  technical 
area.  Once  aRain,  the  Windshiekl  ProRnun  Oflktr^  is  a  rimmI  examitle  of  usinR  unique  RM&S  tools  to 
improve  a  technoloRy  area.  They  have  invented,  deveh>|)ed,  and  us^  their  own  KM&S  tools  to  evaluate 
and  iroitrove  the  RM&S  characteristics  of  their  develoiMnents.  The  fdlowinR  are  a  few  of  these  tools,  which 
should  ilhistrate  the  usefulness  of  devetotnnR  unique  RM&S  tools. 

The  Aircraft  Tnuis|»rency  Durability  Research  Facility  (ATDRF)  was  invented,  designed,  and  built 
in  the  mid  IdSOs,  It  Is  a  2S,000t  square  foot  indoor  facility  in  which  full  scale  trans|>arenGy  systems  are 
mounted  on  a  front  fuselage  section  of  their  respective  aircraft.  'Ihe  windshk'kl  is  in  a  test  section  that  is 
subjected  to  extreme  thermal  and  (iressure  changes,  which  are  based  on  tytmad  daily  mission  inofiles  and 
fUght  line  storage  for  that  aircraft.  'Hie  entire  service  life  of  a  trans|>areTicy  system  can  be  Emulated  in  this 
romputer  contrriled  focility  in  three  months  of  16  hour  dayr.  (5  day  week).  After  correlatinR  Mure  data  to 
Held  data  collected  on  the  same  transiMrency  systems,  the  facility  can  be  used  to  evaluate  field  reliability  of 
new  technology  systems.  Other  environmental  betors  are  being  aikled  to  the  test  chamber,  such  as 
humidity  and  ultraviolet  radiation,  wiuch  will  simulate  flight  line  envmmments  even  more  realistically.  This 
facility  has  proven  invaluable  in  evaluatimt  >  recent  hi(^  reliability  coatiint  research  and  deveIot>ment 
INrogram, 

The  Imbedded  Aircraft  Tnunqiaimcy  Environmenial  Data  Rt^corder  (known  as  the  Data  Recorder) 
is  another  unique  tool  invention  of  thi*  Wln^hwld  Program  Office.  The  Data  Recorder  is  designed  as  a 
small  chip  with  a  tiny  iiower  «i|)|dy,  which  can  be  imbedded  in  a  trans)«rency  system  frame  at  tliw  time  o( 
liroduction.  The  Data  Recorder  wift  omstantly  mulUiilex  diflii'rmt  data  sensors,  which  are  also  embedded 
around  the  transparency  system  frame  at  the  time  of  production.  Hm*  data  will  bt*  stored  for  a  particular 
period  of  lime  and  then  downloaded  into  a  central  database  system  to  be  evaluated  by  the  Windshield 
_  , Program  Office  R&D  program  engineers  and  the  KM&S  engim'er.  The  data  will  detail  the  tiarameters  that 
an  o|teratk>nal  system  experiences  both  in  flight  and  on  the  ground  during  maintenance  and  flight  line 
storage,  'fhe  RM&S  factors,  (such  as  lemiMtatun*,  iwessure,  huinklity,  etc.)  are  already  known,  since  this 
is  what  the  Data  Recorder  is  measuring,  'fhus,  the  data  beinR  nstonktl  are  the*  inrameters  (s|<ecific  values 
at  each  given  time  inemnent)  to  rmch  KM&S  lactiw.  Ymi  can  set*  that  this  tyiie  of  KM&S  deveknunent  Uxd 
can  be  used  for  many  other  technical  arras  beskirs  transi«arency  systems. 

The  Combbied  Environment  Testing  Methodology  is  another  idea  that  has  stemmed  from 
transiMrency  systems  research.  When  evaluating  methods  to  iierform  atrelerated  testing  on  RM&S 
factors,  and  hawing  them  correlate  with  fieki  failun*  data,  it  was  observed  that  the  test  data  sometimes 
oorreiated,  and  sometimes  dkl  not,  dejiending  on  the  aircraft  subsystem  being  tested.  The  problem  that 
seemed  to  exist  was  that  combined  envirunmmlal  ermditions,  (such  as  a  lifetime  of  ultravi^  radiation 
exixMurr  ahmg  with  rain  erosion)  had  a  much  more  drHriinenta)  efftH-t  on  some  rk'signs  than  others.  The 
solution  was  to  devise  a  RM&S  technique  to  combine  testing  environments,  lire  environmental  tests  coukl 
be  run  sequentially  in  some  cases,  and  at  the  same  timt*  in  others.  IV  result  is  that  the  RM&S  test 
techniques  that  hwe  provided  relatively  gwal  rt'sulto  in  tlu*  laboratory  as  nirrelated  with  field  failure 
results,  are  now  iiroducing  much  better  correlation.  Again,  I  think  a  )wint  can  be  nuule  that  this  type  of 
RM&S  technique  of  combined  environmental  testing  can  b(>  aiqilksl  t«»  many  UThnology  areas. 


RMAS  STANDARDS 

Additiona]  sources  of  infonnation  to  Iwlj)  !h«*  KM&S  eiigiiHsT  in  su|)jx>rUng  his  programs  can  be 
fouml  in  the  multitude  of  Government,  Imhistiy,  ami  Professkmal  Society’s  standanis,  regulations, 
IwbUcations,  and  handbooks.  Th(>  following  is  a  short  list  of  smne  of  tlM>  DoD’s  <h>sktn  stamlanis  for  RM&S 
that  I  find  hei|>ful. 
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•  MILrSnM>2  (>«*rall  Imlrx  of  Military  Staralanla. 

•  MILrSTD470  Maintainability  IVsi^n  K(*coinmrn(lation!«. 

•  MIl/^nXTSfi  Rrliabiliiy  I)e«ijjn  Rpcommomlations. 

•  MIlrSTMlO  (iuklelinra  on  the  Natural  Environittpnt  with  Paramrtpn. 

•  MIL'STD-I3S8»1A/2B  IjOfrintici  SiiihnmI  Analyaia/Rrcoiti. 

•  MIlcSrn)-|472  Human  Factors  Maintrnancr  l)rsiRn  RrcomnK*nclaUon8  with  Parameters. 

•  ACTS  MIIrPRIMB  Aircraft  Tfansjsarency  Systems  I)esiKn  Rwrommendations. 

There  arc  various  imiessional  societies  that  iwblish  Mandanls  on  RMAS  and  support  wnrkins 
ITKHips  to  advance  the  RM^  techniques  in  system  desiftn.  ‘Phe  Society  of  Automotive  Englnem  has  a  G- 
U  RM&S  working  committee  that  has  active  international  membership  limm  a  multitude  of  ii^ustry 
engineers  from  the  US,  and  abroad,  ami  active  |)articipation  by  RM&S  engineers  from  the  USAF,  USA,  ami 
USN.  Their  charter  is  to  develop  generic  RMAS  design  guidelines,  recommendations,  and  standards. 
They  are  currently  completing  a  project  to  iMibitsh  a  comprehensive  listing  of  all  known  RMAS  Government 
and  industry  documents,  (such  as  stamlanln,  hamlbooks,  etc.)  both  from  the  US  and  abroad.  Another  of 
their  imbrications  about  to  come  out  is  a  recommendatkm  ami  definitized  listing  of  what  should  be  the 
minimum  number  of  core  RMAS  terms  that  are  needeil  to  com|>rehensive]y  track  all  RM^  factors  for  any 
given  system  devekifiment  inogrsm.  This  will  be  a  milestone  publication,  sinct  there  are  currently 
thousands  of  RMAS  terms  found  in  all  of  the  known  RMAS  documentation.  They  are  also  chartered  to 
organize  and  hokl  the  annual  RAMS  international  conference,  ami  to  initiate  academic  courses  ami 
currkulums  at  the  collegiate  level  to  further  the  engineer’s  umlersUmding  of  RMAS  neeris  on  system 
development 

Focusing  s|x«ifically  on  armsfiace  trans|)arency  systems,  the  American  Society  of  Testing  and 
Materials  (AST^  has  subounmittre  F7.0H.  This  wutkii^  committee,  also  comprised  of  international 
membershqi,  is  chartered  to  develoii  siircific  design  guklelines,  recommendations,  and  standards  for  the 
development  of  aerosiiace  transparency  systems.  Many  of  their  rreommendations,  standards,  and  test 
methodologies  have  bm  deveknied  to  aiklress  RMAS  factors  of  transparency  sy-dem  developments. 


CONCLUSIONS 

The  methodologies  and  tools  to  incorporate  RMAS  tetors  into  any  system/subsystem  RAD 
program  are  available.  The  Government  is  currently  placing  high  priority  on  developing  supportable 
technologies.  It  has  been  the  DoD  plan  since  the  lino’s  to  be  proactive  versus  reactive  in  a^iressing 
RMAS  factors  of  system  design.  In  Wright  laboratory,  there  are  RMAS  engineers  in  each  of  the 
directorates,  cmlocated  to  all  t^  different  iimgram  offices,  to  support  the  program  manager  in  making 
decisions  concerning  RMAS  design  traikMifls. 

Progn.ns  have  begun  to  establish  inocesses  to  balance  suiqwrtabflity  requirements  with 
performance  drivers.  However,  the  efforts  to  buikl  in  a  mandatory  iirocess  to  address  RM^  tectors  in  the 
technology  programs  are  still  in  the  rudimentary  stages.  Because  the  tedinotogy  customer,  mainly  the 
using  commiuids,  now  have  to  |)ay  out  of  their  ye^  budgets  to  maintain  and  upgrade  their  systems,  along 
with  operating  costs,  the  design  paradigms  quickly  changing.  As  mentioned  at  the  beginning  of  this  ]>aper, 
the  DoD  is  having  to  take  an  automotive  imhistry  aiqiroach  to  developing  systems  and  subsystems.  The 
customer  now  has  the  financial  contrd  to  direct  the  fiilurr  of  Government  resrarch  programs,  and  they  are, 
by  investing  in  the  RAD  intigrems  that  will  hel])  their  RMAS  iiroblems.  So,  as  with  the  automotive 
industiy,  the  imixnlano*  of  RMAS  in  future  Del)  research  and  devrio|Nmmt  is  aiqiarent 
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Abstract 

Canopy  systams,  including  transparsncios,  arc  being  rseognised  at 
the  military  and  prims  contractor  Isvsls  as  being  an  essential 
component  of  the  aircraft  assembly.  This  recognition,  which  is 
welcomed  by  the  struggling  designers  and  the  transparency 
suppliers,  has  highlighted  certain  voids  in  technologies 
mandatory  to  the  proper  design  and  construction  of  the  complex 
systams  required  on  modern  aircraft  and  for  updating/redesigning 
existing  aircraft  transparency  systems. 

— This-  paper  reflects  on  a  small  subset  of  technology  voids 

encountered  on  the  Mission  Integrated  Transparency  system  (MXTS) 
Program  and  encourages  the  transparency  community  to  assist  in 
developing  the  technologies  needed  to  fill  these  voids. 


Copyright  ®  1993  Lockheed  Corporation. 
All  rights  reserved. 
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ZHTItODUCtZOir 


Loekh««d  Fort  Worth  Conpany  (LFWC) ,  formariy  Ganaral  Oynanieo,  Ft 
Woxrth,  undar  contract  F*336X5*88<*C*3402  to  Wright  Laboratory 
(WL/fXVR) ,  it  prlna  contractor  for  tha  Mission  Intagratad 
Transparaney  Systaa  (HITS)  Frograa.  Tha  prograa  is  a  aulti«yaar 
task  diractad  at  tachnieal  assassaant  of  transparaney  systaas  for 
ailitary  aircraft  for  tha  1995  and  on  tiaa  pariod.  During  this 
prograa  LFWC  has  cenduetad  dasign  trada  studlas,  tastad  and 
ravaalad  sueeassful  transparaney  taehnologias,  davalopad  dasign 
and  parforaanea  critaria,  and,  through  a  Critical  Dasign  Raviaw, 
has  transitionad  tha  taehnology  froa  tha  industry  to  tha  using 
eustoaar. 

Tha  HITS  prograa  has  baan  support ad  by  tha  aajor  auppliars  in  tha 
transparaney  and  aatarials  industry,  rasulting  in  bringing  naw 
transparency  systaas  into  sarvica  for  tha  USAF. 

FIVR  proaotas  and  sponsors  technology  davalopnant  that  iaprovas 
aircraft  parforaanea  and  reduces  cost  of  ownership  to  tha  user. 
Therefore,  an  iaportant  output  froa  tha  HITS  prograa  is  tha 
identification  of  transparency  technology  voids  or  gaps. 

This  paper  is  a  draft  of  a  larger  fortheoalng  report  intended  to 
fulfill  tha  FIVR  objectives  by  listing  and  providing  a  brief 
assessnent  of  the  transparency  system  technologies  within  a 
single  doeunant. 

While  the  primary  focus  of  the  taehnoio^  listing  in  this  draft 
and  the  report  to  follow,  is  on  transparency  systaas,  it  is 
necessary  to  overlap  into  tha  entire  canopy  systems  to  ensure 
complete  and  satisfactory  integration  to  the  aircraft. 
Transparencies  should  not  be  designed  without  detailed  attention 
to  the  canopy  frames,  latches,  loading  and  load  distribution, 
emergency  and  normal  actuation,  as  well  as  associated  pilot 
weapons  delivery  optical  functions.  Today's  aircraft,  requiring 
stealth  and  direct  threat  protection  features  demand 
considerations  from  the  transparency  such  as  the  use  of  non* 
circular  cross  sections  for  structural  loading,  surface  coatings 
that  must  withstand  the  environments  (including  hostile)  and  yet 
be  geometrically  shaped  to  provide  good  optical  quality.  The 
input  to  General  Dynamics'  Trade  Study  report,  as  well  as  tha 
report,  itself, (References  1  and  2)  provide  detail  insight  into 
the  integration  of  many  of  the  transparency  technologies  listed 
herein. 

These  diverse  requirements  must  be  Integrated  into  a  workable, 
durable  hardware  system  by  the  designer  and  manufacturer.  To  do 
this,  technical  tools  and  managerial  freedom  are  needed.  This 
paper  can  only  address  the  technical  tools.  Credit  for  the  first 
push  to  technology  needs  or  voids  is  given  to  Mr.  Harley  Walker 
(Reference  2)  of  Wright  Laboratories,  who,  in  1983  challenged  the 
community  to  face  the  issues. 
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:;ol loving  pag*  fomat  is  uaodi  to  presant  aach  of  tha 
taehnology  aubjaots.  It  should  ba  notad  that  sons  of  tha 
sub j acts  listed  ara  currantly  undar  davalopnant  in  sponsored 
programs,  and  that  in  soma  eases  sponsorship  may  exist  but  tha 
information  is  not  available  to  the  author.  Tha  reader  should 
treat  this  paper  and  the  report  to  fellow,  as  an  independently 
compiled  shopping  list,  to  be  evaluated  for  opportuinity,  and 
subjects  accepted  or  discarded  as  appropriate  to  the  need, 

rezmat  for  Teehaelogy  subjects 
Title 

Background/Objective 
Current  State  of  Technology 
Potential  Solution 
Benefits  of  Solution 


Acknowledgement 

Many  of  the  technology  subjects  covered  in  this  paper  were 
Initially  identified  in  Reference  1  by  Mr.  K.  E.  Thompson,  Canopy 
Systems  consultant.  Mr.  C.  A.  Webster  of  Lockheed  Port  Worth 
Company,  has  also  participated  in  the  identification,  refinement 
and  documentation  of  these  subjects  in  Reference  2.  The 
contributions  of  these  two  gentlemen  is  gratefully  acknowledged 
by  the  author. 


Bird  Proof  HOD 


Bdekgr ou Ad/Ob j  oct ivo 

Xntorfaeo  HUO  Systons.  Hoads  up  displays  (HUD)  notintod  on  tho 
glaro  shiold  in  front  of  tho  pilot  havo  bocono  an  intarfacs  itoa 
with  tho  advont  of  transparoney  dosigns  that  dopond  on  soai* 
bagging  of  floxibility  to  dofoat  bird  impact.  Out  of  gooaotrleal 
noeosslty  rolativo  to  tho  pilot,  and  drag  aroa  eons idor at ions 
rolativo  to  aircraft  porforaaneo,  tho  HUD  is  usually  aountod  in 
eloso  proximity  to  tho  contor  of  tho  forward  transparoney. 

Currant  Stata  of  Toehnology 

Typically,  tho  HUO  assombly  consists  of  a  thick  pioeo  of  soai* 
tomporad  glass  mounted  into  metal  side  posts  using  flexible 
adhesives.  The  side  posts  are  anchored  to  a  large  electronic 
housing  within  the  instrument  panel  area.  The  HUO  glass  is 
required  to  bo  ref loot ivo  for  transfer  of  signal  information  in 
eolliaiated  form  to  tho  pilot  by  reflection  and/or  refraction. 
During  Impact  with  a  bird  at  high  speeds,  the  transparency 
contacts  the  HUO  glass,  breaks  it  and  scatters  glass  fragments 
over  the  cockpit.  If  unprotected,  the  sharp  glass  fragments  can 
cut  tho  transparency  during  high  strain  rata  loading,  resulting 
in  immediate  failure.  Transparency  designs  have  not  accorded 
this  risk,  nor  has  the  HUO  in  it's  configuration.  The  HUO  has 
proven  to  be  an  asset  for  the  F-16  in  reducing  tho  total  amount 
of  deflection  occurring  during  bird  strike  by  interrupting  the 
traveling  wave. 


Potential  Solution 

1)  Seek  HUO  designs  that  utilize  shatter  proof  transparent 
material . 

3)  Apply  a  sacrifice  inboard  ply  to  the  transparency. 

3)  Install  a  protective  material  over  the  contact  edges  of  the 
HUD. 

4)  Any  of  the  above,  but  require  through  specification  criteria 
that  the  HUO  and  transparency  be  compatible  for  bird  strike. 

Benefits  of  Solution 

Simply  to  properly  design  for  tho  entire  bird  risk,  not  just  a 
portion  of  it  as  has  been  tho  practice. 
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Tull  Seal*  Yin*  Lia*  Maasusmaat  of 
0*fl*otieB«  st^raia  aad  strata  Rat* 

Durlag  Bird  Zii^aet  T**tlag 

Baclcground/Ob  j  *et  iv* 

inils  la  on*  of  th*  taohnelogy  void*  id*ntifi*d  in  th*  1983 
Tranaparonoy  syapoaiua  by  Mr.  Harley  Walkar  (Refarene*  2).  ^* 

void  atlll  axlata.  Th*  need  aiaply  la  for  teat  technology  that 
will  record  in  real  time,  and  in  preeia*  fora,  th*  dynamic 
result*  of  a  transparency  during  a  bird  impact  teat.  The 
technical  community  haa  conducted  hundreds  of  bird  strike  tests 
on  the  F*1S,  F«lll,  and  other*  and  there  is  very  little  real 
engineering  data  to  assess  the  geometrical  and  physical  result* 
Material  needs »  limits  of  current  materials,  dynamic  modeling, 
geometrical  effects,  etc.  are  at  best  guesswork  for  lack  of 
recorded  data.  These  are  big  challenges,  but  the  technical 
reward  is  big. 

Current  State  of  Technology 

This  1*  basically  a  blank.  Deflections  on  the  transparency  are 
estimated  by  use  of  straws  located  at  known  distances  from  the 
inboard  surface  of  the  transparency  as  one  method.  Another 
method  is  a  complex  arrangement  of  cameras,  geometrically 
resolved  to  follow  marked  spots  on  the  transparency.  The  first 
method  is  not  time  lined  and  risks  loss  due  to  HUD  debris  and 

internal  wind  blast.  The  second  is  indirect  and  cannot  be - 

adequately  calibrated  and  validated. 

Strain  measurements  were  attempted  in  the  late  1970 's  by  Douglas 
Aircraft  Co.  under  contract  through  UDRI  using  state  of  the  art 
strain  gages.  Two  results  were  observed.  First,  the 
polycarbonate  transparency  was  damaged  by  gag*  installation, 
causing  failure  during  the  impact.  Second,  the  gages  lost  range 
and  failed  prior  to  completion  of  th*  impact  event. 

Computer  modeling  of  th*  impact  event  has  been  used  extensively 
in  an  attempt  to  reveal  the  dynamics  of  the  transparency  during 
bird  impact.  These  models  intend  to  predict  a  stress  and 
deflection.  The  deflection  can  then  be  related  to  that  estimated 
value  using  the  methods  described  above.  This  usually  results  in 
the  model  requiring  adjustment  to  fit  the  result,  leaving  any 
future  variable,  such  as  speed,  thickness,  geometry  or  material 
unaccredited. 

Potential  Solution 

No  solution  is  offered  to  this  vary  complex  set  of  problems. 
Pursuit  of  solutions  should  be  a  priority. 
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B«nafit;«  of  Solution 


It  is  knotm  that  polyearbonato  and  othar  plasties  ara  strain  and 
strain  rata  sansitiva.  Tha  dasignar  naads  to  undarstand  thasa 
linits  and  ba  abla  to  ralata  thasa  to  tha  full  acala  avant  of 
bird  strika.  Tha  banafits  eena  in  puraly  finaneial  tarns  of 
optiaizad  dasigns  and  graatly  raduead  tasting  costs.  A  fallout 
of  this  tachnology  should  ba  a  aofa  raalistie  natarial 
spacifieation,  and  should  opan  tha  possibility  of  naw  natarials. 


avb^Bcmlm  rosslag  simulation 
Baekgrourwi/Ob  j  oet  ivo 

Thia  auboacalo  simulation  tachnology  is  intandsd  to  implamant  and 
halp  validata  softvara  to  assist  in  tha  praproduetion  study  of 
formability  of  gaomatrical  shapas  as  wall  as  to  provida  tha 
manufaeturar  with  an  ability  to  optimiza  forming  prooassas  bafora 
committing  to  full  seals  tooling. 

Currant  Stats  of  Taehnology 

Ths  primary  approach  to  full  seals  forming  is  ons  of  doing  what 
has  worksd  in  ths  past:  sxpsrisncs.  What  is  missing  is  that  tha 
past  is  not  fully  transfarabla,  and  avan  so,  it  may  not  have  baan 
ths  best  approach.  Typically,  any  manufacturing  process  tends  to 
continue  to  be  dons  ths  way  it  was  started  if  tha  product  is 
profitable*  Developing  new  processes  is  ris)cy  and  can  be 
expensive.  Put  another  way,  if  it  isn't  broke . 

Potential  Solution 

Using  the  predictive  tharmofoming  modal,  design  and  develop 
suitable  subseale  tooling  for  demonstration  of  forming  processes. 

Benefits  of  Solution 

The  terget  is  improved  optic  quality  through  a  more  controlled- - 
process,  this  translates  to  f educed  initial  investment  and  lower 
selling  cost. 


Cookpit  Olar*  and  Zdgkt  Ceatrol 
Baekground/Ob J act iva 

Provlda  for  varlabla  control  of  cockpit  axtarlor  llliuination. 
{Dial-A*Tint) 

Currant  Stata  of  Tachnelogy 

Tha  industry  doas  not  currantly  offar  transparaney  dasigns  that 
provida  for  variabla  (eontrollabla)  light  tranaaission  for 
optimal  viaving  of  cockpit  displays.  Ona  axeaption,  not  yat 
ganarally  adaptad  to  coaplax  transparaney  dasigns,  is  tha  usa  of 
UV  activatad  photo  sansitiva  compounds  integrated  into  interlayer 
materials.  PDA  Enginaaring  has  conducted  extensive  research  on 
this  for  nuclear  flash  protection.  Joint  IKAD  programs  batwaan 
Lockheed  (GD/FW)  and  Taxstar,  Inc  have  also  pursued  similar 
objectives,  achieving  some  success  in  subscalc  flat  coupons. 
Pilklngton  has  been  involved  in  HITS  testing  of  photochromie 
materials.  WL  is  currently  active  on  an  approach  referred  to  as 
Dial*A-Tint  that  reduces/ limits  light  transmission,  but  not  to 
the  degree  required  for  nuclear  flash.  Another  approach  under 
investigation  by  commercial  industry  (PPG  Industries)  is 
Electrochromic  activated  transparencies.  However,  this  approach 
currently  appears  confined  to  glass  designs  of  limited  size  and 
curvature.  One  possible  other  problem  is  that  some  systems 
require  power  to  retain  a  state  of  transparency. 

Potential  Solution 

A  specific  solution  is  not  known.  Some  considerations  for 
development  of  an  exterior  light  control  system  could  include; 

Combining  electrochromics  and  photochromies  to  automatically 
control  overall  light,  and  also  provide  msnual  zone  control. 

Fail  safe.  A  loss  of  power  should  result  in  full  light 
transmission. 


Benefits  of  Solution 

Most  of  the  benefits  are  peacetime  related; 

Reduced  glare  on  flight  instruments. 

Reduced  heat  load  in  the  cockpit  during  high  ambient 
lighting  conditions,  while  maintaining  full  light  levels 
during  reduced  ambient  conditions. 
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euatoB  Optics  Ossigs 
Baekgreund/Ob j set Ivs 

Dsvslop  a  gsnsrle  software  program  for  ths  purpose  of  eustoaizing 
theoretical  optical  quality  by  defining  the  relationship  between 
the  outboard  and  Inboard  surfaces  {or  all  optically  coupled 
surfaces) .  As  an  exasple  of  the  situation,  the  transparency 

is  eonpound  contoured  as  is  needed  for  single  piece  designs  to 
aid  manufacturing.  The  elevation  component  of  optic  error  due  to 
curvature  is  negative,  while  the  error  due  to  forming  (wedginess) 
is  positive.  The  shape  of  the  error  curves  is  not  fully 
offsetting,  and  therefore,  the  greatest  gain  was  not  achieved 
during  original  design.  The  potential,  however,  is  that  a 
significant  portion  of  the  theoretical  error  can  be  compensated 
for  by  a  controlled  surface  relationship.  Other  software  package 
development  within  the  predictive  analysis  software  tools 
category  needs  to  consider  this  program  for  surface  definitions. 

Current  State  of  Technology 
The  existence  of  any  suitable  program  is  unknown. 

Potential  Solution 
No  technical  solution  is  offered. 


Benefits  of  Solution 

This  is  considered  the  umbrella  optics  design  tool,  subordinating 
the  other  programs  under  the  category  of  predictive  analysis 
software  tools  since  their  results  are  components  of  tho  custom 
optics  program  output.  The  design  capability  represented  by  this 
program  will  significantly  affect  not  only  the  current  practice 
of  thermofoming,  but  more  importantly  will  control  the  newer 
designs  being  considered  under  the  ’’frameless"  design  approach. 
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TttehBology  LibrsXT 
Baekground/Ob j  act iv« 

Th«r«  ex  i  alls  a  naad  for  tha  tranaparaney  eonoBunlty  to  hava 
raady  accaaa  to  tha  anormoua  voluna  of  data  that  haa  baan 
publlahad  but  la  acattarad  among  all  tha  taehnieal  aociaty.  Each 
eonpany,  govarnmant  agancy,  or  manufaeturar  haa  thair  own  liaitad 
library  of  information.  Nona  of  thaaa  la  eomplata  and  updated 
axc;<pt  through  tha  ASTM  and  Tranaparaney  Sympoaiua  ainutaa. 

'nteca  ia  no  known  cataloging  of  data  by  aubjaet  aatarial,  kay 
voz.t  aaaociationi  or  othar  mathoda.  Thara  ia  no  eantral  aourca 
frori  which  tha  information  can  ba  aecaaaad  or  acquirad.  Evary 
naw  daaign  atazrts  from  a  zaro  databaaa  with  only  local  data  along 
with  that  providad  during  aircraft  davalopmant  through 
eompatitlva  aituations.  Wa  naad  a  eantral  library  that  can  ba 
aecassad  via  computer,  and  a  method  of  soliciting  salactad  data, 
rarorts,  procedures,  specifications,  ate. 

Currant  state  of  Technology 

Thara  is  none.  Tha  data  is  scattered,  users  are  not  aware 
of  existence  of  data,  mistakes  are  repeated  and  tasting  is 
duplicated.  Thara  is  little  knowledge  advancement  except  as 
transmitted  during  symposia  and  by  competitive  solicitations. 
"Lessons  learned"  ia  not  being  practiced.  On  tha  bright  side,  it 
is  believed  that  UORI  plans  to  tackle  at  least  part  of  tha 
problem  under  contract  with  WL/PIVR. . .  . . . . 

Potential  Solution 

Tha  UDRI  effort  may  ba  tha  answer,  or  part  of  tha  answer. 

Tha  stated  naad  should  ba  compared  to  tha  UDRI  plan.  If  gaps 
exist,  we  need  to  pursue  them. 

Benefits  of  Solution 

Saif  explanatory,  see  above  statements. 
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Bigb  T«Bp«r«tur*  volymmxm 

Baekground/ob j cet iv« 

Polyearbonat*  and  acrylic  ara  eonmonly  usad  for  tranaparancy 
structural  aatarlals.  Tha  haat  daflactlon  taaparatura  (HOT)  for 
polycarbonata  la  approxioataly  265 'P.  Tha  haat  daflactlon 
taaparatura  for  acrylic  la  approxlaataly  210*P»  Tha  aarodynaalc 
haating  of  high  parforaanea  aircraft  can  aasily  axeaad  thaaa 
relatively  aodaat  taaparaturas.  Although  Halted  excursions  past 
a  aatarlal’s  HOT  ara  possible,  transparency  aatarlal  could  be  a 
Halting  factor  in  an  aircraft's  eap^ilitias  (aspaeially  a 
supareruisar) * 

A  high  taaparatura  polyaar  would  ba  useful  as  pari:  of  a  systaa  to 
defeat  directed  energy  threats. 

A  high  taaparatura  polyaar  night  serve  as  a  batter  substrata 
aatarial  for  ITO,  a  eonduetiva  coating.  ITO  is  desirable  for 
it's  superior  light  transnission  properties. 

Tha  objective  would  ba  develop  a  aatarlal  that  would  have  tha 
tharaal  parforaanea  of  glass  but  retain  tha  weight,  foraabillty 
and  inpaet  resistance  of  lower  taaparatura  polynars. 

Currant  State  of  Technology 

Oavalopaantal  hlgh*>taaparatura  candidate.  surfaca*>ply  aatarlals 
ware  evaluated  during  tha  HITS  Prograa.  However,  these  aatarlals 
have  not  bean  daaonstratad  with  coatings  on  full  scale  parts. 

What  about  structural  aatarlals  (polycarbonate  raplacanants)  such 
as  ASC? 


Potential  Solution 

continue  tha  quest  for  tha  "holy  grail,"  ••  a  aatarial  with  all 
tha  desired  properties  including  high  haat  daflactlon 
taaparatura. 


Benefits  of  Solution 

Increased  flexibility  to  tha  designer  In  aatarlal  selection, 
opening  up  of  the  flight  envelope  for  selected  aircraft.  Weight 
savings  for  aircraft  that  would  otherwise  be  forced  to  use  glass 
to  aaet  tharaal  requlreaents. 
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coatlaga  ea  tolYmmxm 
Baekground/Ob j  «ct iva 

Multlpla  iaagaa  aaa  formad  lA  tha  tranaparaney  lay  tha  intavAal 
raflactlons  of  diatant  lighta,  aueh  aa  froa  a  stinvay.  Zf  tha 
tranaparaney  ia  laaa  than  parfact,  tha  pilot  aay  aaa  thaaa  aa 
ghoata,  and  bacauaa  of  tha  high  affieianey  of  tha  ayaa,  thay 
appaar  eonparabla  in  intanaity  to  tha  prinary  iaagaa.  Tha 
praaanea  of  thaaa  inagaa  ia  diatraeting  and  can  poaa  a  aafaty 
problaa. 

Anti«*raflactiva  eoatinga  would  ba  uaad  to  control  ttultipla 
inagaa.  Tha  objactiva  would  ba  to  davalop  an  affaetiva  anti* 
raflaetiva  coating  that  can  ba  appliad  to  a  linar,  harC  coat,  or 
diractly  to  polynara  such  as  acrylic  or  polyearbonata. 

currant  Stata  of  Taehnology 

To  data,  anti*raflaetiva  coatings  hava  not  baan  affaetiva  in 
alininating  aultipla  inagas. 

Potantial  Solution 

No  tachnical  solution  is  of farad.  Fully  affaetiva  anti-raflaetiva 
surfacas  should  ba  studiad. 

Banafits  of  Solution  -  -  - _ 

Aircraft  with  forward  transparancias  that  ara  othar  than  flat  can 
axparianca  nultipla  inages  during  night  tins  operations.  Tha  use 
of  cylindrical  or  conical  shaped  transparencies  doss  not 
aliminata  the  problan  since  tha  pilot  views  through  conpound 
curvature  at  all  positions  except  along  tha  canterlina  in  a 
perfectly  fomad  part.  Tha  allninatlon,  through  original  design, 
of  nultipla  inagas  reduces  tha  unnecessary  burden  to  tha  pilot  of 
salacting/discrininatlng  tha  real  inaga  during  potentially 
hazardous  night  operations. 
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Aircraft  Transparency  Technology 
Development  and  Validation 
for  Transition  to 
DOD  Plight  Vehicle  Systttts 


Robert  S.  McCarty,  Chief 

Aircrew  Snelosures  Section 
Aircrew  Protection  Branch 
Vehicle  Subsystems  Division 
Flight  Dynamics  Directorate 
Wright  Laboratory 
Wright*Patterson  Air  Force  Base 


Summary 

The  investment  portfolio  for  aircraft  transparency  technology 
developed  by  the  Aircrew  Protection  Branch  (FlVR)  in  Wright 
Laboratory  (WL)  targets  not  only  evolutionary  development  of 
conventional  technologies,  but  also  includes  revolutionary  concepts 
for  order  of  magnitude  improvements  in  transparency  system 
performance  and  cost  of  ownership.  This  paper  presents  an  overall 
illustration  of  the  aircraft  transparency  technology  investment 
strategy  being  pursued  by  WL.  Roadmaps  of  each  cluster  of  programs 
targeted  to  meet  WL  Corporate  Goals  are  presented  and  discussed. 
Brief  discussion  of  efforts  in  each  of  the  roadmapped  areas  is 
included.  Opportunities  are  outlined  through  the  turn  of  the 
century  to  achieve  new  levels  of  mission  performance  while 
providing  lower  cost  of  ownership.  In  particular,  transition 
opportunities  are  highlighted  for  technologies  enabling  directly 
formed  and  frameless  aircraft  transparencies.  Suggested  business 
strategies  are  presented  through  which  industry  might  collaborate 
with  WL  in  successful  application  of  technology  for  directly  formed 
and  frameless  aircraft  transparencies. 


Chances  in. the  World  of, Systems  Acquisition 

Within  the  Department  of  Defense  (DOD) ,  rapid  change  is  being 
driven  by  powerful  political  and  economic  forces.  The  Cold  War  has 
ended,  and  the  US  is  faced  with  the  challenge  of  con^eting 
effectively  in  the  world  marketplace.  The  war fighting  force  is 
being  drawn  down  drastically,  and  the  Defense  Budget  is  being 
slashed.  In  the  arena  of  research  and  development,  the  DOD  is 
pursuing  strategies  such  as  Project  Reliance  to  enable  collabora' 
tion  across  the  Service  Agencies,  and  to  establish  lead  organiza¬ 
tions  for  key  areas. 
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Air  Force  Research  &  Pevelotament 


Within  th«  Air  Force,  leadership  in  streamlining  processes  lor 
systesns  acquisition  is  reflected  by  major  Command  mergers.  In  July 
1992,  the  Air  Fotce  Systems  Coimtand  and  Air  Force  Logistics 
Commands  ceased  to  exist  both  replaced  by  the  joint  ec^nmand 
called  Air  Force  Materiel  Command.  New  policy  and  processes  have 
been  established  by  the  Air  Force  to  formally  isq^lement  acquisitioh 
streamlining,  and  the  former  annual  Flanning,  Programming,  and 
Budget  ^ston  has  been  replaced  with  the  Biannual  Planning, 
Programming,  and  Budget  System  (BPPBS) .  Major  systwi  development 
cycles  now  embrace  the  Integrated  weapon  System  Management  (IWSM) 
concept  with  its  single  system  point  of  responsibility  from  cradle 
to  grave. 


within  the  Wright  Laboratory  (WL) ,  one  of  the  four  Air  Force 
super  labs  which  have  been  established,  emphasis  has  been  placed  on 
the  acceleration  of  technology  transition  to  system 
custcmers/users.  Formal  processes  such  as  the  Senior  Engineering 
Xechnical  Ess^Bsn'^nt  Review  (SENTAR)  have  been  embraced  by  WL  to 
interface  with  Aeronautical  Systems  Center  engineering  offices  for 
effective  transition  of  new  WL  technology. 


Aircrew  Protection  Branch  ^Vision 

Within  the  swirling  whirlwinds  of  change  described  above,  the 
Aircrew  Protection  Branch  (FIVR)  members  of  the  DOD  *We  Do  Windows 
Gang*  envision  not  only  evolutionary  progress,  but  also  true 
breakthroughs  in  the  development,  integration,  and  validation  of 
materials,  design  concepts,  assessment  techniques,  and 
manufacturing  methods  for  aircraft  transparency  systems.  As  shown 
in  Figure  1,  this  new  technology  will  permit  balance  to  be  achieved 
between  performance  and  affordability  in  future  aircraft 
transparency  systems. 


MISSION  AFFORDABILITY 

CRITICAL  AS  A  DELIVERABLE 

PERFORMANCE  FEATURE 


A 


Figure  1.  Balance  Between  Performance  and  Affordability 
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PIVR  is  ©’^JTSuiaa  both  svolufeionary  and  ravolueionary  solutions 
to  probleoa  vmieh  today  still  pfvmnt  th«  acquisition  of  affoird- 
abla,  mission  con^aeibls  eransparsncy  systmos.  Figurs  ?  lists  th« 
k«y  ptoblooi  araaS  associated  with  currant  transparency  systems. 


•  SHORT  SERVICE  Uf“£ 

•  HIGH  UHit  cost 

.  INAOCOUATE  mission  RERrORMANGE 


Figure  2.  Transparency  System  Problems 


Go^l 

The  goal  o£  the  FIVR  program  can  be  most  succinctly  stated  as 
Validated  *444 •  Transparency  Tecimoiogy.  The  meaning  of  the  term 
•444*  is  illustrated  in  Figure  3. 


.  more  than  a  years  or  mission  compatible  service  life 
.  NO  more  than  4  technicians  required  for  changeouT 

.  NO  MORE  THAN  An^duRT  REOUIREO  FO^^  . 


Figure  3.  *444*  Transparency  Technology 
Increased  Emphases, 

Through  the  remainder  of  the  1990 's,  and  into  the  21**  century, 
FIVR  sees  the  need  for  increased  enq^hasis  in  a  number  of 
transparency  system  technology  areas.  These  needs  are  driven  by  the 
opportunities  and  goals  already  discussed.  Figure  4  lists  key  areas 
requiring  increased  investment  of  resources. 

pggwflggEl  EBBtoasa 

Some  technology  development  areas  which  have  received 
significant  FIVR  resource  investment  in  the  past,  will  need 
decreased  enqphasis  over  the  next  decade.  These  areas  include  the 
development  of  stand-alone  con^uter  assessment  tools,  and  the 
"hands  on*  acquisition  of  service  life  information  through 
inspection  of  transparencies  which  are  either  installed  in  aircraft 
or  have  been  removed  from  service. 
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•  TRANS^AWNCT  RCSTORATION/RECTCte 

•  CONTROL  Of  COCKPIT  AUtlENT  LIGHT  LCV£L 

•  BIRO  IMPACT  hazard  OCfINiTiQN  fOR  COMPUTER  MOOELINC 

•  ELtCTROSTATlC  BEHAVIOR 

•  iN-Housf  BASIC  research 

•  IN-MOUSt  RESEARCH  fAClUTlES 

•  REMOVAL  fOR  CAUSE  criteria 

•  OIRECTly  fORMCO  fRAMELCSS  TCChnOlOOv  TRANSITIOH 

•  automated  service  Life  DATA  ACOUiSniOH 

•  DURABLE  COATINGS  fOR  COMBAT  HAZARDS 

•  integrated  computer  AlOCO  DCSlCM/CNGlNEERINC/MANUfACTURINC 

(Not«;  Ord(»r  of  li«tin9  does  not  indicate  priority) . 

Figure  4.  Transparency  Technology  Areas  Reguiring  Binphasis 

lJBvaj»nsag,JB?qg?na,iQn: 

In  suimnary,  the  Aircrew  protection  Branch  vision  of  the  21** 
century  is  that  aircraft  transparency  technology  represents  a  high 
leverage  area  which  is  ripe  for  increased  investment  in  an  era  of 
declining  resources  and  shrinlcing  warfighting  force.  In  short,  what 
is  required  is  a  significant  ‘business  expansion*  in  this  high 
payoff  technology  area. 


Fliahtihmamics  Directorate  Technical  Area  Plan 

Ihe  annual  publication  of  the  Plight  Dynamics  Directorate  (FI) 
which  documents  program  plans /investment  strategy  is  called  the 
Technical  Area  Plan  (TAP)  for  Air  Vehicles  Technology.  The  PI  TAP 
is  bro)cen  down  into  thrust  areas,  and  further  in  core  technology 
areas.  Aircraft  transparency  technology  efforts  fall  under  the 
Vehicle  Subsystems  Thrust  in  the  FI  TAP,  and  within  the  Core  Tech 
Area  of  Aircrew/Aircraft  Survivability  and  Safety. 

Within  the  Core  Tech  Area  of  Aircrew/Aircraft  Survivability 
and  Safety,  the  Vehicle  Subsystems  Division  (FIV)  has  established 
three  separate  goals  involving  aircraft  transparency  technology. 
For  each  of  the  three  FIV  transparency  technology  goals,  a  separate 
program  roadmap  has  been  prepared  for  publication  in  the  Fiscal 
Year  94  (FY94)  FI  TAP.  Figure  5  lists  the  three  FIV  transparency 
technology  goals . 
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•  TRANSPARtNCY  OURABIUTY  AS$ESSMCNT  METHOfS 

•  transparency  design  TOOLS/CONGCPTS 

.  TRANSPARCNGY  TCCHNOUOGY  ©PTlONS 


Pigur#  S.  v«hiGl«  SubRystenus  Goals  for  Transparsncy  Tschnology 


Wright  Laboratory  Investment  Portfolio 

Igftoapftg  gn,sy,„BM£fll?4 

Pigurs  6  shows  ftho  FI  TAP  Roadmap  to  develop  and  validate 
analytical  and  experimental  durability  assessment  methods.  These 
methods  will  extend  transparency  system  durability  in  operational 
mission  environments,  and  as  a  result  substantially  reduce  the  cost 
of  transparency  systcsn  ownership. 

The  first  exploratory  development  (Program  Element  62201P) 
program  shown  in  Figure  6,  "Failure  Analysis  for  Polycarbonate 
Transparencies,"  and  its  Fy95  follow  on,  "Failure  Analysis  for 
Transparencies, "  are  both  efforts  to  sponsor  research  in  university 
and  industrial  centers.  Multiple  awards  are  in  place  under  the 
current  effort,  and  are  planned  for  the  future  effort.  Current 
studies  in  progress  focus  on  preventive  and  predictive  criteria  for 
polycarbonate  fracture.  The  responsible  FIVR  project  engineer  is 
currently  Mr.  Richard  Smith,  other  papers  planned  for  this 
conference  which  document  individual  efforts  under  this  program 
include,  "Fatigue  Analysis  of  Polycarbonate  Transparencies"  from 
Purdue  University  Calumet,  "Physical  Aging  of  Polycarbonate  by  Free 
Volxime  Considerations"  from  Bat  telle  Columbus  Laboratories,  and  "An 
Experimental  Evaluation  of  the  Effect  of  Hole  Fabrication/lSreatment 
Techniques  on  Residual  Strength  and  Fatigue  Life  of  Polycarbonate 
Specimens  with  Holes"  by  the  University  of  Dayton  Research 
Institute. 

The  second  exploratory  development  program  shown  in 
Figure  6,  "Transparency  Crazing/Fracture  Mechanics, "  is  an  on»going 
effort  to  build  in-house  expertise  in  evaluation  and  assessment  of 
transparency  systems.  Current  capabilities  include  pressing  and 
annealing  samples,  artificial  aging  exposure  with  ultraviolet  light 
and  humidity,  dynamic  mechanical  thetmal  analysis,  digital 
microscope  with  image  processing  for  coating  erosion  and  surface 
quality,  and  angular  deviation  mapping  for  (up  to)  very  large 
transparencies.  Planned  capabilities  include  gel  permeation 
chromatography,  mechanical  testing,  and  dust  erosion  testing.  FIVR 
project  engineer,  Mr.  Richard  Smith,  Palace  Knight  Research 
Engineer,  Mr.  Steven  Clay,  and  technician,  Sgt  John  Williams  are 
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Figurtt  6.  Transparency  Durability  Assessment  Program  Roadmap 
responsible  for  the  in-house  program. 

The  third  exploratory  development  program  shown  in  Figure  6, 
•Transparency  Durability  Test  Criteria, •  and  its  FY95  follow-on 
program,  ‘Durability  Test  Criteria  Validation*  will  provide  a 
coupon  scale  test  methodology  to  predict  service  life  of  new 
transparency  systems.  Application  of  this  methodology  and  associat¬ 
ed  requirements/criteria  will  serve  as  the  first  "yardstick* 
available  for  use  by  the  acquisition  community  to  enable  selection 
of  systems  for  production  based  on  lowest  cost  of  ownership.  FIVR 
project  engineer  Mr.  Richard  Smith  is  responsible  for  this  program. 
Other  papers  planned  for  this  conference  which  document  efforts 
under  this  program  include,  "Development  of  a  Transparency 
Durability  Test  Criteria;  Coupon-Scale  Testing  and  Field  Service 
Data  Analysis,"  and  "Pressure  Burst  Testing  of  KC-135  Celestial 
Navigation  Windows, •  both  from  the  University  of  Dayton  Research 
Institute. 
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A  fourth  and  fifth  program  u^ra  not  shown  in  Figura  6,  hut  will 
ha  diseussad  hara.  Ona  of  thasa  programs  is  not  shown  in  Figure  6 
hacausa  funding  was  oomplatad  prior  to  Fy93,  and  the  other  is  not 
shown  haeausa  funding  was  ohtainad  suhsaguant  to  development  of  tha 
FY94  FI  TAF. 

Tha  fourth  program  which  is  associated  with  Figure  $  is  a 
Phase  II  Small  Business  Innovative  Research  (SBIR)  program  for 
stress  measurement  in  structural  plastics  using  acoustic  waves,  A 
field  portable  device  will  he  delivered  which  can  ha  used  to 
non^destruetively  assess  the  level  of  outer  fiber  stress  in 
transparencies  either  during  manufacturing,  installed  on  the 
aircraft,  or  removed  from  service  due  to  some  failure.  Application 
of  this  device  will  permit  selection  of  transparency  systems  which 
afford  longer  service  life  with  respect  to  crazing,  a  common  imsde 
of  failure  driven  by  the  level  of  stress  present  in  structural 
plastics.  The  FIVR  project  engineer  is  Mr.  Richard  Smith,  and  the 
paper  planned  for  this  conference  to  document  this  effort  is 
"Stress  Measurement  in  Structural  Plastics  by  Lamhda^Critieal 
Waves*  from  the  Analytic  Engineering  Company. 

The  fifth  program  which  is  associated  with  Figure  6  is  another 
Phase  II  SBIR  program,  this  one  for  an  imbedded  or  in*place  data 
recording  system  which  will  be  demonstrated  for  an  F^IS  canopy 
system.  The  microprocessor  based  system  will  include  numerous 
transducers  to  sense  key  environmental  factors  in  manufacturing, 
operations,  and  storage  such  as  temperature,  humidity,  stress,  and 
ultraviolet  flux.  In^lementation  of  this  device  will  permit  greater 
understanding  of  the  environment  "seen*  in  service.  This  knowledge 
will  allow  design  of  more  durab.le  transparency  systems  better  able 
to  survive  the  service  environment.  Great  potential  for  dual  use 
spinoffs  are  envisioned  from  this  work,  such  as  solid  state  memory 
for  personal  computers  to  replace  rotating  floppy  discs.  The  FIVR 
project  engineer  is  Mr.  Richard  Smith,  and  the  paper  planned  for 
this  conference  to  document  this  effort  is  "Transparency  Recorder 
for  Obtaining  In-Place  Environmental  Life  History"  from  Nonvolatile 
Electronics  Incorporated. 

Transparencv-Desian  Tools /Concents  Roadmap 

Figure  7  shows  the  FI  TAP  Roadmap  to  develop  and  validate 
design  tools  and  concepts.  Application  of  these  "rules  and  tools* 
will  reduce  the  vulnerability  of  transparency  systems  in  the 
hostile  natural  and  combat  environments,  as  well  as  significantly 
reduce  cost  of  ownership.  The  "rules  and  tools*  under  development 
here  represent  the  second  generation  of  methods  produced  by  the 
Wright  Laboratory.  In  the  1980'3,  WL  developed  and  transitioned  a 
number  of  stand-alone  assessment  tools  to  support  transparency 
system  design  such  as  structural  analysis  and  aerothermodynamic 
analysis  codes.  Now  in  the  1990'3,  these  tools  are  being  upgraded 
and  combined  into  fully  integrated  systems  for  concurrent  design 
which  run  on  affordable  engineering  workstations.  Project  personnel 
at  various  levels  such  as  program  manager,  designer,  and  engineer¬ 
ing  analyst  can  all  employ  the  new  integrated  systems  to  accomplish 
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ehttir  individual  roles  as  members  of  the  eoneurrent  design  and 
development  team. 


Figure  7.  Transparency  Design  Tools /Concepts  Program  RdaSnap 

The  first  program  illustrated  in  Figure  7,  "Directly  Formed 
Frameless  Aircraft  Transparency, *  is  an  effort  jointly  funded  from 
Program  Elements  for  exploratory  development  (62201F),  and  for 
engineering  development  (64609F) .  The  principal  product  of  the 
effort  is  an  integrated  computer  aided  tool  for  the  design, 
engineering,  and  manufacturing  (CAD/CAE/CAM)  of  directly  formed 
frameless  aircraft  transparencies.  This  CAD/CAE/CAM  tool  is  called 
the  Analytical  Design  Package  (ADP) ,  and  will  be  validat¬ 
ed/confirmed  via  fabrication  and  extensive  ground  based  testing  of 
a  Confirmation  Frameless  Transparency  (CFT) .  The  CFT  moldlines  were 
derived  from  the  forward  portion  of  the  F-16  production  canopy,  and 
testing  will  address  portions  of  the  production  specifications  for 
the  F-16  canopy.  The  technical  Program  Manager  for  this  program  is 
Mr.  W.  R.  (Bob)  Pinnell;  the  Program  Manager  for  new  business  is 
Capt  R.  (Becky)  Wagner;  the  technical  lead  for  the  ADP  is  Mr.  Mike 
Gran,  all  of  FIVR. 
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Maav  papers  hava  bean  planned  for  thi#  oonferance  ti©  doevtfRenfe 
individual  efforts  under  this  program  and  the/  include,  ‘Analysis 
of  Transparency  Panel  Shrinkage  characteristics  and  Ulieir  Applica¬ 
tion  to  Transparency  Mold  Oesign*  and  •Bimensional  Mapping  and 
Shrinkage  Charactariration  of  l*arge,  Thick-Walled,  Pirectly-Fomed 
Transparent  Panels*  from  Florida  international  University; 
•Mechanical  Properties  ^valuation  of  Frameless  Transparency 
Materials,*  and  “Bird  Impact  Resistance  ^valuation  of  Frameless 
Transparency  Materials*  from  the  University  of  Bayton  Research 
Institute;  'Optical  Evaluation  of  Transparencies  Utilizing  New  Test 
Apparatus,  •  "Development  of  Directly  Formed  and  Frameless  Aircraft 
Transparency  Technology,  An  Overview, •  and  “Analytical  Simulation 
of  Low  Pressure,  Thick  Walled  Injection  Molding  of  Aircraft 
Transparencies*  from  the  Wright  liaboratory;  "Injection  Molding  as 
a  Direct  Forming  Method  for  Aircraft  Transparencies"  from 
Bnvirotech  Molded  Products;  and  "The  Use  of  Computerized  Materials 
Data  in  A0P2,*  and  'Analytical  Design  Package  -  ADP2  A  Con«>uter 
Aided  Engineering  Tool  for  Aircraft  Transparency  Design*  from  PDA 
Engineering . 


The  second  exploratory  development  program  shown  in  Figure  7, 
"Freuneless  Transparency  Technology,  *  is  plann^  as  a  competitive 
procurement  scheduled  for  FY94  award.  Because  it  is  foreseen  that 
injection  molds  for  con^lex  transparency  shapes  will  need  to  be 
segmented,  this  program  is  planned  to  provide  risk  reduction  having 
to  do  with  the  "witness  lines"  which  will  remain  on  the 
transparency  surface  as  a  result  of  mold  segmentation.  This  program 
will  explore  technologies  to  either  circumvent  the  witness  line 
issue  through  a  one  piece  mold  liner  for  example,  or  deal  with 
witness  lines  through  innovative  methods  for  mold  design  for 
exan^le.  The  FIVR  project  engineer  is  currently  Mr.  Mike  Gran. 

The  third  exploratory  development  program  shown  in  Figure  7 , 
‘Analysis  and  Experimental  Evaluation, *  is  an  effort  to  facilitate 
the  development  of  WL  in-house  expertise  in  the  application  of 
concurrent  design  tools,  not  only  for  directly  formed  and  frameless 
transparencies,  but  also  for  more  conventional  transparency 
systems.  It  provides  maintenance,  and  upgrading  of  software  and 
hardware  systems  for  concurrent  transparency  design,  as  well  as 
training  for  users/customers  of  this  technology.  The  FIVR  project 
engineer  is  Mr.  Mike  Gran. 

The  fourth  exploratory  development  program  shown  in 
Figure  7,  "Windshield/Canopy  Design  Technology,"  is  a  competitive 
procurement  scheduled  for  FY9S  award.  This  program  is  essentially 
a  follow-on  program  for  further  development  of  the  Analytical 
Design  Package  (ADP) .  It  will  produce  an  expanded  capability  for 
concurrent  design  with  features  like  optical  performance  being 
included.  The  FIVR  project  engineer  is  Mr.  Mike  Gran. 

The  fifth  exploratory  development  program  shown  in 
Figure  7,  "Balanced  Design,"  is  a  competitive  procurement  scheduled 
for  FY98  award.  This  program  is  planned  to  "roll  up*  the  Durability 
Assessment  Methods  produced  by  the  programs  illustrated  in  Figure 
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6,  into  the  Design  Tools  produced  by  the  programs  illustrated  in 
Figure  7.  The  result  would  be  a  superset  of  methods,  criteria, 
rules,  and  tools  enabling  the  design  of  transparency  systems 
providing  acceptable  balance  between  mission  compatible  performance 
and  supportability .  ITie  FIVR  project  engineer  is  Mr.  Mike  Gran. 

The  sixth  program  shown  in  Figure  7,  ‘Directly  Formed  Framed 
F*16  Canopy, •  is  planned  to  transition  technology  for  direct 
forming  of  transparencies  to  the  F-16  system.  The  program  will 
develop  and  qualify  a  form,  fit,  and  function  F»16  canopy  which 
would  be  directly  formed  (injection  molded),  but  which  vrauld  bolt 
into  the  production  metal  F-^’IS  canopy  frame  with  no  modifications 
to  the  frame.  This  program  will  provide  a  preferred  spare  F-^16 
canopy  offering  lower  cost  of  ownership  and  turn  of  the  century 
mission  con^atible  performance.  The  directly  formed  framed  P-16 
canopy  spare  will  represent  the  next  opportunity  to  transition  new 
transparency  technology  to  the  F-16  fleet,  subsequent  to  the 
540  Knot  F-16  Canopy  program  currently  being  conducted  by  the 
PIVR/Ogden  ALC  team  and  discussed  later  in  this  paper.  A  candidate 
for  funding  is  the  Manufacturing  Technology  Directorate  of  the 
Wright  Laboratory  (PE  78011P) . 

The  seventh  program  shown  in  Figure  7,  "Frameless  F-lS 
Windshield*  is  also  known  within  the  Air  Force  as  the  ‘Next 
Generation  Transparency*  progr2un.  This  program  will  develop  and 
flight  demonstrate  a  truly  frameless  P-15  windshield  which  offers 
lower  cost  of  ownership,  and  meets  turn  of  the  century  requirements 
for  mission  compatible  performance.  The  frameless  F-15  windshield 
system  will  represent  the  next  opportunity  to  transition  new 
transparency  technology  to  the  F-15  fleet,  subsequent  to  the  540 
Knot  F-15  windshield  program  currently  being  conducted  by  the 
FIVR/Wamer -Robbins  ALC  team  and  discussed  later  in  this  paper.  A 
candidate  for  funding  is  the  FY96  6.3  POM. 

Transparency  ,.TechnQlQ_car  .Options  Roadman 

Figure  8  shows  the  Ft  TAP  Roadmap  to  develop  and  demonstrate 
transparent  technology  options.  These  options  will  reduce 
vulnerability  in  the  hostile  natural  and  combat  environment  to 
enhance  durability  and  reduce  life  cycle  costs.  The  return  on 
investment  in  this  particular  FIV  goal  area  has  been  extraordinary. 
The  value  of  airframes  alone  which  survived  what  would  otlierwise 
have  been  catastrophic  windshield  bird  impact  incidents  exceeds 
$750M. 
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TRANSI’ARKNCY  TF{UN()I.(>(;V  Ol’TiONS  I'KlXiUAM  HOADMAl* 


Figura  d.  Transparency  Technology  Options  Program  Roadmap 

The  first  program  shown  in  Figure  8,  ‘Mission  Integrated 
Transparency!  ■  will  transition  technologies  for  bird  iirpact 
protection  and  mission  based  design  to  the  F/A*18  system  for  the 
Navy.  Mr.  James  Terry  is  currently  the  program  manager  for  this 
effort. 

The  second  program  indicated  in  Figure  8,  "Injection  Molding 
of  Electrically  Active  Transparent  Panels, •  is  a  research  effort  to 
explore  the  feasibility  of  directly  forming  transparent  materials 
which  are  electrically  conductive  using  a  low  pressure  injection 
molding  process.  Lt  Erik  Joy  is  the  current  program  manager  for 
this  effort. 

The  third  program  in  Figure  8,  ‘Windshield/Canopy  Development 
Program,"  cosTtrises  multiple  projects  teaming  FIVE  with  respective 
Air  Logistics  Centers,  each  developing  and  validating  through 
flight  teat  technology  options  for  a  specific  system.  Projects 
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currently  include  an  upgraded  P-16  canopy,  T-38  student  windshield, 
F-15  windshield,  and  B-IB  windshield.  Current  project  managers  are 
Lt  Joe  Davisson,  Dt  Joe  Coogan,  Lt  Guy  Graening,  and  Lt  Joe  Coogan 
respectively.  The  overall  program  manager  is  currently  Lt  Guy 
Graening , 

The  fourth  program  in  Figure  8,  *Birdstrike  Resistant  Crew 
Enclosures  Program, ■  is  a  contracted  program  to  provide  technical 
support  for  the  in-house  "Windshield/Canopy  Development  Program.* 
The  current  program  manager  is  Lt  Guy  Graening. 


Transition  QppQrt.unit lea 

A  number  of  transition  opportunities  are  being  pursued  through 
the  turn  of  the  century  to  achieve  new  levels  of  mission  perfor¬ 
mance  while  providing  lower  cost  of  ownership.  Prom  the  programs 
illustrated  in  Figure  8,  transition  opportunities  include  a  T-38 
student  windshield  system  with  an  all  composite  frame,  an  F-16 
canopy  system,  an  P-15  windshield  system,  a  B-IE  windshield  system, 
an  F/A-ld  windshield  system,  and  abrasion  resistant  windshield 
systems  for  helicopters. 

Two  transition  opportunities  from  programs  illustrated  in 
Figure  7  will  be  highlighted  in  this  paper  because  they  involve 
directly  formed  and  frameless  aircraft  transparencies.  The  first  of 
these  two  transition  opportunities  is  for  a  directly  formed  (low 
-pressure  injection  molded)  framed  F-16  canopy.  The  second 
transition  opportunity  is  for  a  frameless  P-IS  windshield. 

Directly  Formed  Framed  F-A,6.  Canopy 

Plans  for  a  FY95  start  for  a  program  to  develop  and  qualify  a 
directly  formed  framed  P-16  canopy  have  been  endorsed  by  critical 
transition  team  members.  Figure  9  illustrates  the  acquisition 
strategy  developed  to  date  for  this  program.  The  P-16  Systems 
Program  Office  (IWSM)  has  provided  written  commitment  to  implement 
the  system  after  qualification.  The  Ogden  Air  Logistics  Center  has 
provided  written  commitment  to  acquire  the  qualified  system  as  a 
preferred  spare.  SENTAR  approval  of  the  formal  Technology 
Transition  Plan  has  been  obtained  with  WL/FIVR  identified  for 
overall  technical  program  direction. 

Sacramento  Air  Logistics  Center  has  provided  written 
coiraidtment  to  acquire  in-house  engineering  desi<;^  expertise,  and  to 
provide  program  management .  Potential  investors  indicating  interest 
in  providing  program  funding  incli^de  ASC/SMT  (RAMTIP) ,  and  WL/MT 
(Manufacturing  Technology) .  The  qualified  spare  canopy  resulting 
from  this  program  will  offer  $200M  cost  of  ownership  savings  over 
the  remaining  life  of  the  F-16  fleet.  Consistent,  high  quality 
optics;  state-of-the-art  abrasion  resistant  coatings;  and  21*' 
century  mission  compatible  performance  will  be  provided. 
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Figure  9.  Strategy  for  Directly  Formed  FranwHl  F*^16  Canopy 
Framelesa  F«15  Windshield 


Plans  for  a  FYSS  program  start  to  develop  and  qualify  a 
frameless  F>15  windshield  system  are  gaining  support.  Figure  10 
illustrates  current  acquisition  strategy  for  this  program.  SENTAR 
approval  of  the  Technology  Transition  Plan  (TTP)  has  been  obtained 
with  WL/FIVR  identified  for  program  management .  Potential  investors 
include  SAF/AQ  providing  6.3  fxmding  for  the  effort.  Headquarters 
Air  Combat  Command  has  invited  briefings  on  the  program,  and  has 
been  given  the  opportunity  to  sign  the  TTP.  The  qualified  spare 
F-15  windshield  resulting  from  this  program  will  offer  $75M  cost  of 
ownership  savings  over  the  current  production  design  for  the 
remaining  life  of  the  F-15  fleet,  along  with  turn  of  the  century 
mission  compatible  performance. 


yr.ang.i!;i.9a,jSSiflissK 

Wright  Laboratory  .Technology  Transition  JEanagement  Process 

I  Figure  11  illustrates  the  novel  technology  transition 
management  process  developed  within  FIVR  for  aircraft 
transparencies.  This  management  process  is  discussed  in  detail  in 
another  paper  planned  for  this  conference  titled,  'Acquisition 
Hanagement  of  Consumable  Technology  Utilizing  a  Novel  Technology 
Transition  Process,*  from  Wright  Laboratory.  This  process  is 
product  oriented,  customer  driven,  and  hinges  on  a  team  approach  to 
solving  user  problems. 
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.  IMPUM^NTAtlON/PROOUCTlON 

-  WARNER  ROBBINS  AIR  lOCISTlCS  CENTER  (IWSM) 

•  technology  TRANSITION  PLAN 

*  SEntar  approval 

.  program  technical  management 

-  WRIGHT  laboratory  (riVR) 

•  investor  interest 

•  SAf/AO  (63XXXP) 

.  USER  ENDORSEMENT 

-  headquarters  air  combat  command  (acc/oru) 


Figftjire  10.  Strategy  for  Framelesa  F*XS  Windshield 


Figure  11.  FIVR  Technology  Transition  Management  Process 
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£££«etivtt  tflaitis  are  in  plaee  and  functioning  for  a  number  of 
programs  validating  conventional  or  evolutionary  technologies. 
These  teams  are  v^rking  programs  already  discussed  such  as  the  T-38 
windshield,  F/A-18  windshield,  B-IB  windshield,  F-16  canopy,  and 
F^'lS  windshield. 

gtt&lLCg„IaMMl 

Teams  are  currently  in  the  process  of  being  formed  and 
strengthened  for  other  FIVR  programs  validating  truly  revolutionary 
technologies  such  as  direct  forming  processes,  and  frameless  design 
concepts.  Candidate  systems  for  transition  of  direct  forming 
technology  include  the  P^IS  canopy  as  already  discussed,  and  the 
P-22  for  which  a  non-uniformly  thick  injection  molded  canopy  could 
enable  significant  weight  savings.  Candidate  systems  for  transition 
of  frameless  technology  include  the  F-15  as  already  discussed,  and 
new  acquisition  programs. 

Suflflsaisd  .Busings 9  Strafesdieg 

Considerable  dialogue  regarding  possibilities  for  new  business 
strategies  within  the  aircraft  transparency  community  is  resulting 
from  WL  efforts  in  directly  formed  and  frameless  transparency 
technology.  More  dialogue  will  be  necessary  to  put  effective 
teaming  arrangemerits  in  place  to  achieve  the  significant  payoff 
offered  by  this  revolutionary  technology  to  the  Air  Force,  and 
ultimately  to  the  US  taxpayers. 

Conversations  for  possibilities  to  date  regarding  teaming  for 
directly  formed  and  frameless  transparency  technology  application 
have  suggested  the  business  strategy  illustrated  in  Figure  12. 

Engineering  organizations  at  airframe  companies,  research 
centers,  2md  Air  Logistics  Centers  may  become  the  principal  users 
of  the  inexpensive  but  powerful  integrated  con^uter  aided  'rules 
and  tools*  for  design,  engineering,  and  manufacturing.  The 
transparency  vendor  industry  may  provide  integration  expertise  to 
develop  directly  formed  structural  shells  into  complete  systems 
meeting  balanced  requirements  for  mission  performance  and 
supportability.  New  team  members  which  have  not  historically  been 
part  of  the  transparency  technology  community  may  emerge  as 
subcontractors  to  traditional  transparency  vendors.  Subcontracted 
tasks  might  include  injection  mold  design  and  fabrication,  as  well 
as  production  injection  molding. 

A  significant  portion  of  the  investment  for  this  new 
technology  will  be  borne  by  the  Air  Force,  and  provided  for  use  by 
development  teams  in  the  form  of  Government  Furnished  Equipment  and 
Support.  Tlie  Computer  Aided  Design,  Engineering,  and  Manufacturing 
tools,  along  with  training  and  maintenance  for  these  tools  forms 
the  "backbone*  of  the  FIVR  investment  portfolio  for  the  future  as 


47 


already  discussed.  The  goal  in  this  arena  is  to  eir^loy  only 
Corranercial  Off  The  Shelf  luOTS)  software,  fully  supported  by  the 
software  industry. 


.  INTECRATeO  computer  aided  DCSiGN/ENGlNEERlNG/MANUrACTURlNG 
-»  AIRFRAME  COMPANIES 

-  AIR  logistics  centers 

-  RESEARCH  CENTERS 

•  SYSTEM  integration 

-  transparency  vendors 

•  INJECTION  mold  DESIC^4/FA8RICATION/MOLOING 

-  MOLD  DESIGn/MOLOING  HOUSES 

.  COMPUTER  AIDED  DESiGN/ENGINEERINC/MANUFaCTURING  RULES/TOOLS 
^  AIR  FORCE  (COMMERCIAL  OFF  THE  SHELF  SOFTWARE) 

.  HARDWARE  (injection  MOLDS/HEATINC  k  COOLING  PLANTS) 

-  AIR  FORCE  (government  furnished  EQUIPMENT) 

•  RISK  REDUCTION  TECHNOLOGIES  (MOLD  LINERS) 

-  AIR  FORCE  (EXPLORATORY  DEVELOPMENT) 


Figure  12.  Suggested  Business  Strategies  for  Application  of 
Directly  Formed  and  Frameless  Transparencies 

Other  exan^les  of  Government  furnished  equipment  Include  large 
scale  heating  and  cooling  systems  for  thermal  control  of  injection 
molds.  The  current  heating  and  cooling  system  available  from  FIVB 
has  been  sized  for  large,  one»piece  transparencies  such  as  the  F<*16 
or  F*‘22  canopies.  Injection  molds  for  systems  which  are 
successfully  qualified  such  as  the  F»16  canopy,  and  F-15  windshield 
will  be  available  for  production  phases  of  work. 

In  addition,  continuing  investment  in  risk  reduction 
technologies  are  also  part  of  the  FIVR  investment  portfolio  for 
this  technology  area.  Concepts  such  as  one*piece  mold  ^'’ners  for 
use  with  segmented  molds  to  avoid  witness  lines  on  molde *  articles 
will  be  explored.  Alternate  direct  forming  processeti  such  as 
coinjection  molding  for  laminated  structures,  and  casting  will  be 
studied.  Useful  results  will  be  folded  in  on-going  system 
development  and  qualification  programs. 
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Th«  fIVR  vision  far  applic«6ian  of  diraetly  formad  and 
fraitialass  aircraft  transparency  technoXogfy  canters  on  eolla^ration 
with  industry  to  refine  j^reiiininary  business  strategies.  Figure  13 
shows  a  number  ©f  key  issues  which  need  to  be  dealt  with  t®  achieve 
win/win  solutions  to  potential  problems. 


.  oevetopMfNT  or  workasu  schcmcs  tor  tcaminc 

-  exPERteNceo  vendors  tor  conventional  systems 

-  NEW  team  memsers  for  mold  oesicn/moldinc 

.  AIR  FORCE  SMALL,  LOT  BUYS  VS  LARCE  MOLDING  PRODUCTION  RUNS 

-  impact  OF  STORING  LARGE  NUMBERS  OF  SPARES 

-  ECONOMICS  OF  molding  SMALL  NUMBERS  OF  ARTICLES 


Figure  13.  Directly  Formed  and  Frameless  Aircraft  Transparency 
Technology  J^plication  Issues 

One  issue  needing  further  resolution  is  the  development  of 
-workable  schemes  tor  teaming  among  airframe  houses,  transparency 
vendors,  and  new  team  members  such  as  injection  mold  designers  or 
fabricators  and  molding  ecmt?aniss. 

A  second  issue  revolves  around  the  aircraft  transparency 
community  practice  to  date  of  producing  relatively  small  lots  of 
new  or  spare  systems;  e.g.,  a  recent  BolB  windshield  system  spares 
buy  was  for  about  30  windshields.  Historically,  it  has  been  cottawsn 
practice  in  the  injection  molding  industry  to  produce  relatively 
large  numbers  of  a  particular  article  in  any  one  production  run. 
Many  issues  related  to  this  apparent  conflict  of  scales  need  to  be 
explored  fully,  such  as  the  impact  of  storing  large  numbers  of 
spares,  or  the  economics  of  injection  molding  relatively  small 
numbers  of  production  articles  in  a  single  run. 

PIVR  is  eager  to  work  with  other  team  members  to  acquire 
customer  or  user  endorsements  for  planned  programs,  and  to  obtain 
investor  commitments.  The  ultimate  goal  of  the  "We  Do  Windows  Gang* 
in  Wright  Laboratory  is  to  produce  superior  weapons  systems  which 
enable  US  forces  to  fly,  fight,  and  win. 

PIVR  extends  invitations  to  every  organization  which  has  an 
important  role  to  play  in  achieving  these  goals:  key  companies  and 
organizations  which  have  been  long  standing  members  of  the  aircraft 
transparency  system  development  community,  as  well  as  capable  new 
team  members  who  can  contribute  to  the  development  of  revolutionary 
new  transparency  systems  for  21**  century. 
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ADVANCED  TRANSPARENCY  DEVELOPMENT 
FOR  USAF  AIRCRAFT 


Michael  P.  Bouchard 
Auociate  Research  Engines 
University  of  Dayton  Rcsetuth  Institute 
Dayton.  Ohio 


The  developineM  of  advanced  aifcrah 
trampareneics  which  meet  USAP  1995-2000  mission 
requirements  is  described  and  illustrated.  The  key 
19^2000  miuion  requirements  ate  first  Ki.mtified. 
A  review  of  available  birdstrike  test  data  b  then 
presented  This  review  demonstrates  that  the 
birdstrike  tequirement  can  be  met  with  current 
technology.  Based  on  the  review,  a  set  of  design 
guidelines  is  given  for  improved  bird  impact 
resistance  while  meeting  the  additional  future 
requirements.  Subscale  coupon  testing  to  screen 
potential  laminates  for  impact  resistance  and  to  obtain 
mechanical  properties  for  use  in  finite  element 
analysis  (Fl^)  is  then  given.  The  mechanical 
properties  of  transparency  polymeric  materials  have 
been  found  to  be  sensitive  to  strain  rates,  necessitating 
the  tests  to  ensure  accurate  results  in  subsequent  PEA. 
Nonlinear  dynamic  PEA  for  final  analytic  bird  impact 
evaluation  is  described  next  This  task  utilizes  the 
recently-developed  X3D  explicit  PEA  code  which 
provides  strain  rate-dependent  material  properties, 
direct  modeling  of  the  bird,  element  and  ply  failure 
criteria,  and  rapid  turnaround  on  workstation  and 
mainfraine  computers.  Final  design  selection  in  view 
of  their  ability  to  meet  all  design  requirements  is 
described.  Full  scale  fabrication  and  testing  are 
underway,  with  initial  findings  presented  herein. 


Many  of  the  windshield  and  canopy 
(transparency)  systems  developed  for  current  USAF 
combat  aircraft  were  designed  primarily  for  the  high 
altitude  air-to-air  role.  Projections  to  1995-2000 
missions  forecast  an  increased  birdstrike  risk  due  to 
a  greater  frequency  of  high  speed,  low  altitude  flighu. 
In  response,  programs  have  been  initiated  to  develop 
advan^  transparency  systems  capable  of  providing 
mission-compatible  Mid  impact  protection.  These 
programs  address  additional  1995-2000  mission 


Lt.  Joseph  C.  Davisson 
Aerospace  ’^ginemr 
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objectives,  including  meeting  the  USAFs  ”444'* 
performance  and  supportability  goal  (maintain  mission 
performance  requirements  to  a  lAinimum  of  4  years, 
after  which  the  transparency  can  be  changed  out  in  4 
hours  by  4  technicians),  retaining  optical  compatibility 
with  emerging  HUD  (Mead-Up  Display)  and  niglM 
vision  goggle  technologies,  and  providing  a  path  to 
incorporation  of  protection  against  emerging  combat 
hazard  threats,  such  as  lasers.*  The  canopies  must 
continue  to  meet  all  current  specifications  to  mold 
line,  weighL  fit,  and  so  toth.^  Designs  must  also  be 
affordable  and  competetively  procurable. 

A  thorough  engineering  approach  toward 
advanced  transparency  development  is  presented.^  In 
brief,  the  ap,voeeh  consists  oft  (1)  review  of 
available  bir^trike  test  data  to  obtain  insight  into  the 
current  state  of  the  art  and  to  develop  guidelines  for 
improved  bird  impact  resistance;  (2)  design  laminates 
which  fbliow  the  birdstrike  design  guidelines  of  step 
(I)  and  provide  the  flexibility  to  incorporate 
technologies  which  will  meet  the  other  design 
lequiiements:  (3)  ftdmcote  and  test  subscale  coupons 
to  screen  potential  laminates  for  impact  resistance  and 
to  obtain  mechanical  properties  at  high  strain  rates  to 
use  in  finite  element  analysis  (PEA);  (4)  perform 
nonlinear  explicit  dynamic  PEA  for  final  analytic  bird 
impact  evaluation;  (5)  select  the  best  designs  in  view 
of  all  design  requirements;  (6)  fabricate  prototype 
advanced  transparencies,  and  (7)  perform  full-scale 
birdstrike.  dundiility,  and  flight  tests.  Steps  (1)  -  (5) 
have  been  compleied,  with  Steps  (6)  and  (7)  currently 
in  progreis. 


All  of  the  available  canopy  bird  impact  test 
data  were  compiled  into  one  volume  along  with  an 
engineering  interpremtion  of  their  significance  to 
improved  birdstrike  protection.^  The  compilation  and 
review  considered  canopy  stiffness,  bird  impact 
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captbiiky.  lamiiuM  CMMrnetkMi.  HUD  «frectt,  and 
eaaopv  weight.  Tlie  moet  iinpaet>mistaiH  lBinirate<t 
were  futind  te  imtorporete  at  lead  0.5  in  of 
polycarbomle.  ranging  from  one  to  three  plk*.  Baaed 
on  deflections  at  the  pilot’s  heed  postition,  laminated 
puiycarbonale*aerylie  designs  were  found  to  be  as 
stiff  as  monoiithie  poiycarbonalc  designs  of 
comparable  thickness.  The  HUD  proved  M  be  a 
eriti^  heter  in  can^  bM  impact  capaMliiy 
befsoie  contact  with  the  canopy  during  bird  impact 
could  cause  estastrophie  fnetura  of  the  unprotected 
structural  ply.  HUD  contact  was  found  to  limit  the 
monolithic  ptdycarbonata  impact  capability  m  400 
knots.  Can^  weigttt  was  also  detemined  to  be  an 
hnportam  issue,  with  the  allowable  being  139.3 
pounds,  and  typical  weights  for  monolithic  and 
laminated  canopies  being,  tcspeetively,  136  and  130 
pounds.  Due  to  the  HUD  contact  and  weight 
limitadons,  dm  monolithic  polycarbonate  canopy  was 
judged  to  be  limited  to  its  current  0.73  inch 
configuration,  with  4Q0  knot  impact  resistance,  while 
laminated  canopies  appeared  to  allow  for  some 
growth  in  thickness  and  weight,  permitting  impact 
resistaoee  of  at  least  500  knots. 

Based  on  the  review  findings,  design 
guidelines  for  the  developmem  of  an  advanced  canopy 
-  capable  of  successfully  resisting  a  high  speed  impact 
(in  this  case,  340  knoa)  with  a  four  pound  bird  were 
then  developed.  la  brief,  these  guidelines 
recommended  a  laminated  polycarbonate  canopy 
construction,  which  includes  a  single  main  sttucturel 
poiycarbonats  ply  (for  improved  optica  over  multi* 
structural  ply  designs)  at  least  0.3  inch  thick, 
emerging  advanced  afarasion>iesistaat  and  static  drain 
coatiap  applied  to  a  thin  outboard  polycarbonate  ply, 
and  an  inboard  polycarbonate  or  cast  acrylic  inner  ply 
to  protect  the  main  ply  ftom  direct  contact  with  the 
HUD  during  bird  impact  The  current  laminated 
canopy  has  the  main  polycarbonate  ply  but  does  not 
incotporaie  an  inner  protective  ply.  In  addition,  cast 
acrylic  is  used  for  the  outer  ^y  of  the  current 
production  laminated  canopy  and  is  subject  to  crazing 
and  cracking,  which  gmerates  a  substatial  cost 
penalty  in  comparison  to  the  desired  four  year  service 
life. 

Designs  which  follow  these  guidelines  will 
not  only  meet  the  bird  impact  requirement,  but  will 
also  meet  durability,  weight,  optics,  and  fit 
lequirements.  In  addition,  the  polycarbonate  outer  ply 
provides  a  means  for  later  incorporation  of  combat 
hazard  protection  (application  of  coatings  and/or 
substitution  of  new  ply  materials)  as  those 
technologies  are  develops.  Finally,  the  increase  in 


service  life  is  expected  to  offset  any  increase  in  the 
cost  ot  the  advanced  canopies. 

At  the  time  the  program  was  initiated, 
successful  determination  and  comparison  of  laminated 
canopy  bird  impact  resistance  wing  FEA  teehnolo|y 
entailed  a  fairly  high  uneetainty.  Primary  reasons  for 
die  uncertainQi  were  the  limited  avaiWbiiity  of  high* 
priced  computing  power,  and  the  lack  of  appropriate 
material  properties  and  failure  models  for  input  into 
the  FEA  models,  which  would  effect  the  aceursey  of 
the  results  (see  Section  IV).  Some  experiments! 
mesns  was  needed  to  pare  down  the  potently  large 
analysis  matrix  to  only  the  mote  promising  deugns. 

the  experimental  mediod  selected  was  a 
high*rate  thfee*point  beam  test  (Bguie  1),  which 
provided  a  relatively  inexpensive  means  of  evaluating 


Figure  1.  Three*Point  Beam  Test  Setup. 


the  impact  reahtance  of  varioua  laminated 
configurations.  The  method,  which  used  beam 
geometry  from  ASTM*F736,  employed  MTS 
servohydtaulic  test  equipment.^  The  test  was 
performed  at  high  loading  nose  velocities  (2000  and 
40,000  in/min),  resulting  in  nominal  strain  rates  of  up 
to  130  in/in/sec  in  the  ply  materials,  which  was  in  the 
range  of  strain  rates  experienced  by  foll*scele 
canopies  subjected  to  birdstrike.^  The  test  thus 
provided  a  measure  of  a  laminate’s  ability  to  resist 
impact  conditions  akin  to  that  of  bird  impact. 

The  test  ranked  impact  perfonnance  of 
prototype  laminates  relative  to  current  production 
laminates  on  the  basis  of  peak  sustained  load,  total 
absorbed  energy,  and  failure  mode.  Figure  2  presents 
typical  load-displacement  curvet  for  a  current 
production  laminate  and  a  prototype  laminate.  The 
prototype  laminate  is  seen  to  absorb  40%  more  energy 
(area  under  the  load-displacement  curve)  and  sustain 
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13%  more  peek  loed  than  the  produetioA  laminate. 
The  tests  demonstrated  that  five  laminates  exhibited 
significandy  greater  performance  than  the  current 
production  laminate.  One  laminate,  which  had 
tttilixed  as-cast  acrylic  as  the  main  structural  ply 
sandwiched  between  two  thin  polycarbon^  plies,  was 
considered  unacceptable  due  to  fracture  of  (he  acrylic 
ply  and  subsequent  lou  of  energy  absorption. 
Another  laminate  exhibited  outer  ply  delamination, 
with  marginal  impact  performance.  The  test  resulu 
also  indicated  that  polyeartxMiate  outer  plies  generally 
showed  better  impact  resistance  than  acrylic  outer 
plies  when  tension-loaded  because  the  polycarbonate 
deformed  plastically  compared  to  the  cast  acrylic, 
which  exhibited  brittle  fracture.  In  compression,  the 
impact  resistance  of  polycarbonaie  and  acrylic  outer 
plies  was  comparable  bwause  the  acrylic,  though  it 
fractured,  tended  to  have  its  pieces  pushed  togasher, 
providing  load  resistance.  Tliete  was  no  significant 
difference  in  impact  resistance  between  two-structural- 
polycarbonate-ply  and  single-structtirai-poiycarbonale- 
ply  designs.  In  view  of  this  result,  and  due  to  the 
increased  fabrication  costt  and  mote  dullenging 
optics  associated  with  two-structural-piy  designs,  it 
was  recommended  that  laminates  incorporate  a  single 
polycarbonate  structural  ply. 


IV.  mCH  RA-nt  MATKlIAL  TESTING 
Teats  to  determine  mechanicaJ  propetdea  of 
iadividnal  ply  materials  were  coaducted  aexL  The 
responaa  to  dynamic  ioadiaf  of  the  polymarie 
materials  typically  used  to  fhbricate  aircraft 
traaspareacies  can  be  highly  strain  rata  dependent.* 
Accurate  PEA  predictloo  of  transparency  response  to 
bird  impect  therefore  lequirse  accurals  strain  rale- 
dependem  material  properties  as  input  data,  along 
with  appropriate  material  models  in  the  FBA  code  to 


properly  account  for  the  rate  d^andcnciea. 
Unfortunately,  little  rate-dependent  testing  of  tha 
materiais  of  interest  hat  bam  performed  and  very 
little  dett  it  available  in  the  opm  literature.  Such 
testing  is  not  stiaighiforwerd  because  of  wavs 
propogation  phenomena  and  high  eiongationt  of  some 
of  the  mmsrialt. 

MTS  icrvtdiydnuiic  test  apparatus  was  wed 
because  high  lest  rates  (loading  veloctidca)  could  ba 
achieved,  which,  in  ronjuncticn  with  appropriate 
spaeimm  sizing,  resulted  in  material  strain  rates  of  up 
to  iOO  in/in/sac.*  Poiycerbeutts,  as-cast  acrylic,  and 
poiyurenthana  aampiea  wera  tested.  Tha  gtmi  of  die 
polycarbonate  tad  acrylic  ttnsile  tetu  was  to  obtain 
the  entire  stresa-itrtin  curve  for  various  strain  latea, 
while  for  tha  urethane  tensile  tests  die  goal  wet  to 
obtain  tha  tensila  modulus  for  various  strain  ratal. 
Tensile  specimms  for  polycarbeaata  and  acrylic  (mini 
round  tensile  rod)  and  urethane  (flat  dogborn)  are 
shown  in  Figures  3  and  4.  (}ripa  used  were  semw-in 
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for  dm  radi,  fttedon  Ihr  the  D  412  dogbonaa,  and 
ihouldarfortheDlS22dogbotMS.  Tha  desired  stndn 
rates  were  ichieved  by  using  a  short  gage  length 


(stne*  axial  itrain  rata  ii  eateatiaily  the  puli  veiodiy 
divided  by  gage  length),  which  was  designed  into  the 
rode  and  the  D  1822  dogtaones,  while  for  the  D  412 
dogbones  it  was  achieved  by  'choking  up*  on  the  test 
seetioa  with  the  Metion  gripe.  Very  smail  (0.<m 
inch  grid  iengdi)  axially'aligaed  strain  gages  were 
bonded  to  the  side  of  selected  rod  gage  saetiont  to 
monitor  straitt.  Extensometara  wan  similarly  used  for 
seleeicd  tktfboae  laai^ea.  Hm  straia  gages  wen 
effective  at  all  straio  rales.  The  inertia  of  the 
extenaometeis  precludad  their  use  for  test  rates  above 
10  in/see,  nee^tating  scaling  of  measured  strain* 
displacement  curves  to  the  hi^  rme  displacement 
time  histories. 

Ihe  goal  of  the  shser  teats  was  to  obtain 
shear  modulus  of  each  of  the  test  materials  as  a 
ftuiction  of  strain  rate.  A  tonionel  shear  test 
configuration  utilizing  an  MTS  tension*torsion  tester 
wae  chosen  for  these  testa.  Sample  geometries,  which 
appear  in  Hguns  5  and  6,  uaed  a  aquam  planfbim  for 


Figare  S.  Polycaibonate  A  Acrylic  Shear  Sample. 


the  interlayers  utilized  the  simple  torsion  formula  for 
a  cireuiar  thin  hollow  tube  while  linear  static  finite 
element  analysis  was  used  to  reduce  the  polycarbonate 
and  acrylic  results  due  to  the  mote  complex  g  .ometry 
(the  radius  to  relieve  stress  concentradon)  and  because 
the  compliance  of  the  grip  section  of  the  samples  was 
not  insignificant  compared  to  that  of  die  gage  rectios. 
Due  to  the  sim^ficrciora  imposed  by  the  linear  static 
analysis  (inertial  effects  am  negligible,  material 
properties  are  rate  independem  and  homogeneous),  the 
reduced  dau  for  the  highest  strain  rates  are  first 
approximations  of  the  true  values. 

Poisson  ratio  tests  were  conducted  for 
polycarbonate  and  acrylic.  A  2x  version  of  the 
ASIM  D  1822  Type  L  sample  geometry  was  used 
(Figure  7).  with  a  a  90*  rossetie  bonded  to  the  cemer 
of  the  gage  section  to  monitor  strains.  The  samples 
were  pulled  using  an  MTS  tension  tester  and 
shouid^style  grips. 


Ffgnre  7.  Poisson  Ratio  Sample. 


FIgnra  6.  biteriayer  Shear  Sample. 

insertion  into  the  aluminum  fixture  bkxka  and  a  thin 
annular  test  section.  The  test  section  thickness  was 
sized  to  obtain  the  desired  high  strain  rates,  while  the 
diameter  and  width  was  sized  to  meet  torque 
limitations  of  the  tetf  equipment  Data  reduction  for 


Tests  were  conduced  to  determine  dw  bulk 
modulus  of  the  various  canopy  materMs  since  some 
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Plfure  8.  Bulk  Modulus  Rxiure. 


ths  FEA  material  models  require  this  input.  The 
bulk  moduliH  describes  the  resistance  of  a  material  to 
hydrostatic  pressure.  The  lack  of  an  appropriate  bulk 
otaterial  model  has  in  the  past,  under  the  action  of 
bird  impact  pressures,  allowed  an  FEA  structural  ply 
to  squcmte  an  adjacent  interlayer  inside-out, 
permitting  the  smictural  ply  to  move  down  into  the 
neat  strucoml  ply.  The  test  technique  used  was  the 
Mtfsuoka-Maxwell  cylinder  and  pistoH  (see  Figure 
S).'**  The  MTS  machine  pushes  the  rod  into  the 
eyltndtieal  sample,  causing  it  ta  deform  against  the 
e^  and  side  walls  of  the  fixture.  Bulk  modulus  is 
the  slope  of  the  ptessure>diiatation  curve.  Pressure 
was  taken  to  be  the  ratio  of  the  MTS  nteasured  load 
to  the  cross-seciiottai  area  of  the  hole  in  the  fixture. 
Dilatation  is  the  change  in  volume  divided  by  the 
ottginal  votume.  Assuming  the  hole  diameter 
remained  constant  during  the  test,  dilatation  was 
computed  as  the  change  in  sample  length  (equal  to  the 
MTS  measured  displacement)  divided  by  the  original 
sample  length. 

Sample  tensile  atitss>strain  curves  for 
polycarbonate  at  two  strain  rates  are  shown  in  Figure 
9.  As  is  expected  for  glassy  polymers,  the 


Polycarbonate  Tension  Test  Results 

Nob.  SMb  iWm  «  0.I  *  100  in/ia/t 


Rate. 


polycarbonate  tensile  modulus  is  found  to  be  mildly 
varying  widi  strain  rate  and  mote  sensitive  to 
(decreasing  widi)  strain  level,  while  the  yield  and 
ultintaie  strengths  are  strongly  sensitive  to  (increase 
with)  strain  rate.* '  The  as<ast  acrylic,  in  contrast  to 
polycarbonate,  showed  strong  dependence  of  modulus 
with  strain  rate  aa  well  as  strain.  No  significant 
plastic  deformation  wu  observed,  and  the  ultimate 
(fracture)  point  wu  essentially  invariant  with  strain 
rate.  Shear  modulus  data  for  polycarbonate  and  as* 
cut  acrylic  were  found  to  follow  trends  similar  to 
thou  of  the  tensile  data.  Poisson  ratio  wuesuntially 
constant  for  polycarbonate  and  higher  than  typical 


handbook  valuu  (0.39  versus  0.36  handbook).'^ 
Poisson  ratio  for  acrylic  deoeased  with  increuing 
strain  rate  (fram  0.37  statte  to  0.33  at  44  in/infsec). 
This  eomparu  10  a  0.35  handbodc  valuc.*^  TIm 
elastic  mothilw  for  the  luethanc  interlayer  materials 
increased  wid)  increasing  strain  rate.  Note  that 
interlayer  materials  are  more  aeettfately  eharaetcricad 
u  viwoeludc  rather  than  elastic,  so  that  material 
descriptions  other  than  elastie  modulus  are  morn 
appro^me,  u  discussed  briow. 

The  final  st^  wu  to  fit  ^proptiatt  FBA 
material  models  to  the  test  data,  (Note  that  other 
limited  data  for  polycarbonate  and  as<ast  acrylic 
were  also  ussd  in  (fotemnning  the  matetiid  coutants 
for  theu  models.)  The  FBA  code  boing  used  (X3D  * 
su  Section  V)  provided  two  useful  mmerisl  models 
for  the  plate  elements  to  be  used.  For  acrylic  and 
polycarbonate,  the  “elastic-plutic,  nto*8«isitive 
isotropic  material'  model  wu  chosen.  This  is  a 
simple  biliaur  elastic*{dastic  stress*stnin  model  with 
straia*rate*vuying  yield  point  For  acrylic,  the  rue 
parameters  wen  set  to  turn  off  the  yieM  point  strain 
rate  dependency.  The  material  mo^ls  and  material 
constants  for  polycarbonate  and  acrylic  arc  given  in 
Tablu  t  and  U.  Urethane  wu  treated  u  a 
“viscoeiastic  material  with  faiture.'*  This  model 
allows  spedfication  of  the  bulk  modulus  and  rate 
seuitive  shear  (deviatoric)  responu.  The  material 

Table  L  Poiycaibonate  Material  Model. 


Meterial  Model:  Elutic*Ptutie,  Raio*Seuitive 
Isotropic 

p  ■  dewHy  m  0.043  Ibfin^ 

B  ■  tensile  modulus  ■  325  ksi  * 
o  ■  Poisson  ratio  ■  0.39  •* 
ay  m  quasi*stetic  yield  ■  7140  psi 
H  ■  haideaing  slo^  «  36.1  ksi 
D  ■  faiverw  of  rate,  sensitivity  scale  factor  <■  196400 
p  ■  inveru  of  rate  sensidvity  exponent  m  12 
•  ultimate  aims  •  130()0  psi 

where  o,«Oy®(l  ♦(dfD)<‘*^>l 

*  At  15k  strain;  value  varied  considerably  with  strain 
(aw  text) 

••  At  0.15k  strain 


model  and  materia!  constants  an  given  in  Ttide  HI. 

The  methods  and  results  discussed  above 
represent  a  *fint*order'  attempt  at  characterizing  the 
strain  rate^lependent  behavior  of  aircraft  tnuperency 


Tabit  n.  As<Cast  Acrylic  Material  Modd. 


Material  Model.-  Elaatic-Plaftic.  Rate-Seniitiva 
laoiropie 

p  >•  density  <■  0.043  IhTtn^ 
g  « tensile  modulus  ■  4S0  ksi  * 
u  a  Pbisaen  ratkm  m  0.3S  ** 
a  quasi'Statie  yield  m  8920  psi 
H  a  htfdenifig  sto^  a  8000  ksi 
a  ullitnale  stress  a  16000  psi 

*  At  2%  strain;  varies  conaiderabiy  with  str»a  and 
strain  rate  (see  text) 

**  At  0.03%  strain;  average  of  static  and  high  strain 
rate  values  (0.37. 0.33  respectively) 

Table  111.  Urethane  Material  Model* 


Material  Model:  Viscoelastic  Material  with  Linear 
Pressure* Volume  Behavior 

p  a  density  a  0.037  Ib/in^ 

K  -  linear  bulk  modulus  a  400  ksi 
(3,  a  equilibrium  shear  modulus  a  830  psi 
G|  a  instantaneous  shear  modulus  a  34M  psi 
^  a  decay  constant  a  10 

where  0(t)  a  +  (0|  *  0,)e'^.  t  a  dme, 

G(l)  «  streu  relaxation  fttii^n 

*  Values  can  vary  considerably  wHh  polymer 
formulation 


materials.  Other  ofTons  are  being  conducted  to  refine 
the  test  methods,  to  verify  and  expand  the  material 
database,  to  develop  more  accurate  material  models, 
and  to  incorporate  the  effecu  of  temperature.  The 
results  of  these  efforts  will  be  documented  and 
presented  in  future  forums  in  a  continuing  effort  to 
make  such  information  available  to  the  aircraft 
transparency  community. 


program,  and  fast  execution  on  the  wide  varied  of 
UNIX'lmsed  workstation  and  mainframe  computers.'^ 

Birdsuikc  System  Modeling 

X3D’s  advanced  features  enabled  engineetS 
to  model  the  entire  birdstrike  .system,  including  the 
canofiqr,  the  HUD,  and  the  bird,  as  shown  in  Rgim 
10.  In  the  past,  ad  hoe  estimations  of  bird  loads 


Flgura  10.  X3D  FEA  Model  of  Canopy.  C/D  HUD. 
and  Bird. 


based  on  bird  impact  tests  on  pretsuie  plates  were 
required.'^  Hw  canopy  model  consisted  of  laminated 
shell  elements  with  diear  correction  factors  to  account 
for  nonlinear  strain  distribution  thieugh  the  canopy 
thickness  due  to  the  large  differences  in  stiffn^ 
between  structural  and  interlayer  plies.  The  HUD 
model  consisted  of  aluminum  plw  elements  with 
adjustments  made  to  ntaich  the  static  and  fien 
vibration  bending  response  of  the  full-scale  HUD  (see 
HUD  Validation  below).  The  bird  model  consisted  of 
tetrahedral  elementa  which  provided  stable  mesh 
behavior  without  the  need  to  resort  to  an  Buierian 
description  or  fiee-Lagrangian  model  (disconnected 
discrete  'ball*  elemenis).'^  Symmetry  and  rigid  wall 
Conditions  were  imposed  on  the  plane  containing  the 
canopy  centerline,  so  that  only  half  of  the  canopy, 
HUD,  and  bhd  were  directly  modeled. 


V.  BIRD  IMPACT  ANALYSIS 
Nonlinear  dynamic  impact  FEA  using 
UDRI’s  recently-developed  X3D  explicit  nonlinear 
dynamic  FEA  program  provided  the  final  analytical 
evaluation  of  the  bird  impact  resistance  of  the 
prototype  eanopiea.*^  X30  employs  the  latest  in  FEA 
tecluiology  for  nonlinear  impact  dynamici,  including 
explicit  dme  integration  of  the  solution,  large 
di^acensents,  finite  strains,  advanced  nonlinear 
(including  viscoelastic)  material  models,  element  and 
ply  failure,  direct  modeling  of  the  bird,  good 
integration  with  the  PATRAN  pre-  and  postprocessing 


To  validate  the  system,  a  series  of  six  ftill 
scale  birdstrike  test  shou  were  conducted  to  compare 
with  identical  baseline  simulations  in  X3D.  The 
approoch  consisted  of  first  focusing  on  each 
component  model  (canopy,  HUD,  or  bird)  individually 
and  then  validating  the  component  models  together  at 
n  system. 

Canopy  and  Bird  Model  Validation 

The  objective  of  the  first  two  shots  in  the  test 
series  was  to  validate  the  canopy  and  bird  models. 
The  test  set  up  consisted  of  a  production  P-16  canopy 
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ilualled  on  the  F'I6  table  top  test  future.  A  HUD 
was  not  included  in  the  configuntion  so  that 
eanopy/bird  interaction  could  be  isolated.  The  impact 
velocity  for  both  shots  was  330  Itnott  using  a  4  pound 
ehkken  and  impact  locations  on  the  cam^  centerline 
at  Fuselage  Station  (F.S.)  113-3  and  F.S.  99 
respectively.  Validation  was  accomplished  by  plotting 
a  time  hiswy  of  the  experimental  and  FEA  canopy 
deflection  at  selected  points  along  the  centerline. 
Experimental  deflection  at  Ihae  points  was  captured 
by  using  two  intemaily  mounted  eamens  opmming  at 
5000  frames  per  second  and  then  reducing  the  data 
using  a  film  analyzer  and  the  triangulation 
technique.'^ 

Deflection  data  was  used  to  fine  tune  the 
canopy  and  bird  models  (primwily  by  adjusting  the 
bird  ‘failure  strength,”  which  affect  momentum 
transfer  to  the  canopy  and  therefore  canopy 
deflection).  Once  confidence  in  the  canopy  and  bird 
models  was  established,  efforu  turned  to  the  addition 
of  the  HUD  model  to  the  system. 

HUD  Validation 

A  HUD,  structurally  equivalent  to  the 
production  version,  was  used  in  the  next  two  shots  of 
the  test  series.  Aluminum  blocks  were  installed  on 
the  inside  of  the  HUD  chassis  (avionics  box)  to 
simulate  the  mass,  center  of  gravity,  and  moment  of 
inertia  of  the  production  HUD.  Anticipating  that  the 
combiner  assembly  would  be  damaged  during  the  first 
shot,  a  spare  combiner  was  fabricated  using  a  design 
engineered  to  be  structurally  equivalent  to  the 
production  item.  The  objective  of  these  shots  was  to 
validate  the  HUD  model  and  its  effect  on  the  system. 
Current  production  canopies  were  used  in  both  tests 
with  a  330  knot/4  pound  bird  impact  at  Irc.^iion  P.S. 
99  for  the  fint  shot  and  P.S.  1 13.3  for  the  rj^rond. 

Prior  to  bird  impact  testing,  the  static  and 
free  vibration  bending  response  of  the  fuli<scale  HUD 
were  measured.  The  static  bending  response  of  the 
HUD  was  obtained  by  considering  the  HUD  as  a 
cantilever  beam,  hanging  a  steel  block  of  known  mass 
at  the  free  end,  and  meuuring  the  vertical 
displacement  at  the  load  application  point  The  free 
vibration  bending  response  of  the  HUD  was  then 
determined  by  maniMlIy  exciting  the  HUD  and 
reading  the  fundamental  bending  natural  firequency 
from  a  Fast  Fourier  Transform  analyzer  recording  the 
response  of  an  accelerometer  attached  to  die  HUD. 
Simi'ar  analyses  of  the  FEA  HUD  model  vrere 
performed  using  NASTRAN,  with  density  and 
modulus  adjustments  being  mode  to  the  HUD  to 
match  the  experimental  response. 


Fuidier  validation  of  the  X3D  bird  model 
was  also  accomplished.  The  X30  bird  material 
model  requires  input  of  bird  strength,  which  wu 
unknown.  However,  die  bird  strengdi  aHeets  the  bird 
breakup  pmtem.  Bird  mass  distribution  data  was 
therefore  collected  during  the  birdstrike  tests  by 
mounting  a  steel  ‘bird  catcher”  device  just  aft  of  the 
pilot's  head  position.  The  2*  x  3'  steel  box  was 
divided  into  24  6*  x  6”  cells.  $qttaras  of  alumimnn 
honeycomb  structure  were  piac^  in  each  cell  to 
retain  bird  debris.  The  weight  of  ea^  square  was 
recorded  prior  to  and  after  bird  impact  testing,  and  the 
net  bird  debris  calculated.  X30  analysis  showed  that 
a  fairly  weak  bird  beat  matched  the  experimental  bird 
breakup  pattern.  The  bird  model,  which  was  an 
elastic-plastie  material  with  discontinuous  pressure* 
volume  behavior,  is  given  in  Table  IV. 

Table  IV.  Bbd  MateHal  Model. 


Material  Model:  Elastic-Plastic  with  Discontinuous 
Pressure- Volume  Behavior 

Po  •  initial  density  m  0.0343  Ib/in^ 

1C|  ■  linear  bulk  coefficient  •  337  ksi 

K]  m  quadrmic  bulk  coefficient  •  729  ksi 

K)  •  cubic  bulk  coefficient  ■  2020  ksi 

Kf  ■  linear  bulk  modulus  in  tension  *1000  psL^ 

0  w  shear  nsodulus  ■  30  ksi 
Oy  ■  yield  strength  ■  3000  psi 
H  ■  hardening  slope  •  300  psi 
Op), «  ultimate  strength  ■  31(X)  psi  * 

where  p  ■  ZX|q\  i«l-3,  p  ■  pressure,  T|  m  p/pg-l 

*  3100  psi  gave  good  deflection  correlation;  3010 
gave  good  bird  debris  distribution  correlation 


Deflection  dam  was  used  to  make  final 
refinements  in  the  HUD,  canopy,  and  bird  models. 
Figure  1 1  shows  correlation  bmween  experimental 
deflection  dote  and  an  identical  X3D  simulation. 

System  Model  Confirmation 

The  fintl  two  shore  of  the  test  series  served 
to  validate  the  model  of  the  entire  system  (canopy, 
bird,  and  HUD)  while  demonstrating  X3D's  reliability 
under  different  impact  conditions,  including  the 
velocity,  impact  point,  canopy  thickness,  and  canopy 
laminate  configuration.  A  three-ply  canopy  was  used 
as  the  test  article  in  the  fint  siwt  a-id  a  two-ply 
canopy  in  tin  second. 

The  cockpit  setup  consisted  of  a  HUD  and  a 
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“quick  ioak“  device  inatclled  ia  the  cockpit  at  the 
p^'t  head  poaidoa  (P.S.  140)  to  ensun  that  the 
requiietneiit  for  no  morx  than  2J25  inches  emopy 
deflection  was  met  The  head  location  is  critkai  as 
esceaaive  deflection  could  result  in  an  incapacitating 
pilot  injury.  Identical  itiqtact  vefodties  (SOO  knots) 
and  impact  points  (F.S.  113.5)  were  maintained  for 
endi  shoe 

Both  cano^  auoceasflilly  withstood  the  four 
pound  bird  impact  at  SOO  knots,  and  in  both  tesa  the 
HUD  was  shi^  to  play  a  key  role  in  attenuating 
canopy  deflection. 

Deflection  date  obtained  fiom  the  lestt  was 
ia  good  agreement  with  an  X3D  siimilation  using 
identical  parameters  as  shown  ia  Rgure  il 


xso  SMumt  or  tfoe  SHOT  toto 


Flg«t«  12.  Deflection  Comparison  Between  X3D 
P-16  System  Model  and  Birdstrike  Test  Results. 


This  correlation  confirmed  the  accuracy  of  the  system 
modd  and  served  as  the  basis  for  proofing  with  the 
evaluation  of  540  knot  prototype  canopies  using  X3D 


gpteil  .ByfiJRgaaiiinftilM 

Before  evaluating  prototype  designs,  a 
determination  of  Che  critical  HUD  type  <i.e.,  foe  HUD 
that  dtows  the  mtnt  deflection  at  the  pilot’s  head 
during  a  birdstrike)  was  made  using  XSD.  The 
C/D  HUD  is  located  farther  away  frani  the  canopy 
making  it  less  effective  in  attenuating  can^ 
deflectioa  at  dm  pilot’s  head.  The  resuhs  of  a 
comparative  simulatioo  between  dte  two  HUD  types 
ate  shown  in  Hgure  13.  This  comparison  served  as 
the  rationale  for  using  the  OD  HUD  in  the  X3D 
design  analysis  and  ia  540  knot  birdstrike  testing  on 
prototype  canopies. 
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Canopy  Deflection  at  Pilot’s  Head. 


X3D  Prototvoe  Canoov  Evaluation 

X3D’s  relatively  small  memory  tequiiements 
(due  to  explicit  time  integration)  and  laminated  plate 
ciemeatt  permitted  overnight  tumarmind  of  conqrlete 
analyses  out  to  20  msec  (approximately  40,000  time 
stepa)  on  UNIX  workstations.  Previous  codes,  using 
implicit  lime  integration  required  1-3  weeks  of 
calendar  time  to  perform  the  same  task  on  a  CRAY 
siqtereompuler.  Because  of  the  tremendous 
improvement  in  turnaround  times.  X3D  was  utilized 
as  a  design  tool  to  evaluate  the  performance  of 
several  prototypes  for  fabrication. 

The  canopy  design  guidelines  (Section  II) 
and  laminated  beam  test  resulu  (Section  HI)  were 
used  to  select  canopy  prototypes  for  X3D  evaluation. 
A  total  of  ten  simulations  were  conducted  at  an 
impact  vdocily  of  540  knots.  A  mix  of  two-ply  and 
three-ply  canopies  were  evaluated  along  with  the 
current  production  canopy.  All  three-ply  designs  and 
two  of  the  two-ply  dnigns  passed  the  540  knot 
birdstrike  simulation.  Two  of  the  simulations  showed 


S9 


«ceuiv«  deflection  of  at  die  pilot's  head  (one  of 
those  was  a  simulation  of  a  540  knot  birdstrike  to  the 
ctutent  production  canopy). 

n  f AifaCABgJlAKB  BSC 

After  teviewing  the  results  of  the  540  knot/4 
pound  bird  impact  simulation,  prototypes  were 
seleeted  for  fsMcation.  The  selection  strategy 
balanced  short  and  tong  term  objectives  to  find  a 
suitable  mix  between  risks,  cosu,  and  technical 
requirements.  To  satisfy  an  immediate  requirement 
for  increased  biidstrike  protection  and  an  extended 
service  life,  two>ply  canopies  with  advanced 
environmental  coatings  were  selected.  Three-ply 
canopy  designs  were  selected  to  meet  the  longer  term 
objective  of  providing  flexibility  to  incorporate 
combat  hardening  technologies  as  they  mature  (by 
applying  advanced  coatings  to  or  substituting 
advanced  materials  for  the  outer  |dy). 

To  date,  one  set  of  three-ply  prototypes  has 
been  received  for  bird  impact  testing.  The  first  full- 
scale  canopy  fabricated  passed  the  540  knot/4  pound 
bird  impact  test  as  predkted  by  X30. 

The  capabilities  of  X3D  and  the  experience 
gained  in  this  design  proceu  are  currently  being  used 
in  the  development  of  other  advanced  combm  airendt 
transparency  systems. 

m  CONCLUSIONS 

The  effoit  described  herein  advanced  the 
stato-of-the  art  in  aircraft  transparency  design  in  few 
major  areas: 

1.  The  technical  approach  described  in  this  paper 
increased  the  bird  impact  resistance  of  a  fighter 
transparency  system  above  500  knots  fbr  the  first 
time  in  fighter  aircraft  transparency  design 
history. 

It.  The  X3D  explicit  FEA  coda  was  demonstrated  to 
be  an  efficient  and  accurate  computadonal  tool, 
with  timely  throughput  using  UNIX  woricatatiotts, 
and  dierefore  suHaM  for  use  as  an  integral  part 
of  the  design  proceu.  This  is  in  contrast  to  past 
experience  with  implicit  codu  which  have 
required  the  use  of  supercomputers,  and  therefore 
were  more  suitable  for  final  evaluation  at  the  end 
of  the  duign  proceu. 

3.  An  openly-available  literature  source  of  high 
strain  rate  mechanical  and  material  models  was 
initiated  for  increased  accuracy  in  ftitinv  FEA 
design  work. 

4.  This  effort  highlighted  the  need  to  consider  the 
HUD  u  an  integral  part  of  Itirdproor 


transparency  ^sterns. 

In  addition,  the  beam  test  method  wu  demonstrated 
to  be  an  effective  means  of  screening  potential  canopy 
laminaiu  far  impact  resistanee. 

m.  BBCOMMTOPAnQWg 

The  following  items  are  recommmded  u  a 
result  of  the  work  completed: 

I.  Full-scale  prototype  canopiu  should  be  fabricated 
and  duraMlity.  birdstrike,  and  flight  tests  shouki 
be  conducted  (fabricatfaxi  is  already  underway). 
1  Continue  development  and  validation  of  the  TOD 
code  fo  make  it  a  thoroughly  reliable  md 
accurate  tool  for  transparency  duign. 

3.  Continue  to  develop  an  openly-available  literature 
sourte  of  high  strain  rate  mechankal  propeidu 
for  transparency  materials. 
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abstract 

The  Strategic  TransfMrency  Tecitnotogy  (STT)  program  is  the  bendanarlt  of  transparthcy  s^msm 
integratioa  This  paper  preseiits  the  STT  program  which  will  integrate  combat  hazaitl  protect^  into  a 
durable  strategic  windshield.  Suppoitability  issues  were  identified  early  in  the  program,  and  treated  equal 
to  performance.  The  balance  between  performance  and  supportability  was  maintained  through  effective 
use  of  concunem  engineering  principles.  STT  requirements  are  the  most  comprehensive  ever  defined  for 
a  transparency  system.  Early  validation  of  critical  technologies  minimized  program  risk  prior  to 
technology  integration.  The  STT  program  will  iruegrate  validated  technologies  to  create  trans{NHtncies 
thm  will  meet  the  strategic  needs  of  the  Air  Force  into  the  2Ist  century. 


INTRODUCTION 

The  goal  of  the  Strategic  Transparency  Technologies  (STO  program  is  to  validate  and  integrate 
new  technologies  which  will  advance  strategic  transparencies,  and  strike  a  balance  between  performance 
and  supportability.  Current  strategic  transparencies  suffer  from  extremely  short  service  life  and  lack  the 
-  combat  hazard  proteaion  necessary  to  protect  aircrews  through  the  end  of  the  century.  Recent 
developments  in  individual  transparency  technologies  have  been  made  by  industry,  acad^a,  and  military 
laboratories.  These  developments  will  make  it  possible  to  provide  multiple  forms  of  combat  hazard 
protecdm)  while  making  vast  imptovemems  in  transparency  system  durability. 

As  with  any  design  program,  it  was  impoitam  to  understand  what  similar  systems  already  exist, 
and  how  well  they  perform.  No  matter  what  system  an  engineer  is  designing,  there  is  always  an  existing 
baseline  system  which  the  new  system  will  evolve.  This  system  wilt  define  the  baseline  for 
perfonnance,  reliability,  maintainability,  and  life  cycle  costs,  from  which  the  new  system  will  depart  The 
system  udil  also  provide  important  lessons  learned.  For  the  STT  program,  the  baseline  windshield  was 
the  B<iB  transparency  systm. 

All  systems  are  designed  to  meet  the  user’s  requirements.  If  a  system  fails  to  meet  the  user’s 
requirements,  it  ultimately  fails  to  be  good  system.  It  is  important  that  all  requirements  be  defined  and 
understood  before  system  design  begins.  'The  best  source  for  such  requirements  is  the  users  themsdves. 
In  the  Air  Force,  strategic  transparency  users  ate  the  flying  units,  (he  air  logistics  center,  and  the  using 
command.  A  combination  of  interviews,  operations  and  maintenance  data,  and  requirements  documents 
yield  the  majority  of  the  system  requiremoits.  Balancing  the  requirements  takes  a  team  of  experts  more 
interested  in  the  success  of  the  system  than  its  ability  to  excel  in  their  particular  areas  of  expertise. 

With  the  requirements  defined,  it  is  necessary  to  identify  the  technologies  which  will  be  available 
to  help  the  team  achieve  them.  Some  technologies  will  be  ready  for  simple  insertion  into  the  system, 
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while  others  require  further  development  or  validation  before  they  can  be  incotpoitued.  The  team  must 
only  count  on  technologies  which  are  sufficiently  mature.  At  this  point,  the  team  must  make  a  decision 
about  how  much  risk  is  acceptable  and  identify  ways  to  reduce  or  control  it  An  important  factor  often 
overlooked  on  new  technologies  is  the  risk  associated  with  integrating  the  new  technology  with  other 
technologies. 

To  be  useful,  the  techrtoiogies  must  be  integrated  into  a  system  and  tnmsitioned  to  use  in  the  field. 
With  declining  defense  budgets,  k  is  increasingly  impotttmt  the  laboratories  produce  and  transfer 
techndogies  directly  to  the  user,  this  reasoa  this  program  was  geared  directly  toward  proving  the 
technologies  on  an  aircraft  which  is  currently  flying  in  numbers  targe  enough  to  substantiate  the 
develqxnent  investment 

HISTORY  OF  STRATEGIC  WINDSHIELDS 

Windshields  for  strategic  aircraft  are  the  most  complex  and  difficult  to  desiga  Aircraft  such  as 
the  F-1 1 1  and  B*1  were  designed  to  penetrate  at  very  high  speeds  and  low  altitudes.  In  order  to  maintain 
a  sleek  aerodynamic  shape,  the  win^hieids  were  sloped  b^  ami  contoured  to  the  airframe,  causing  a 
series  of  trades  between  birdstrike  resistance,  service  life,  optics,  and  aerodynamic  perfbrmance.  Initially, 
aerodynamics  and  optics  won  out  on  the  P>i !  I,  until  a  few  were  lost  in  Vietnam  due  to  birdstrikes.  The 
B<1  learned  ftom  this  mistake  and  placed  heavy  emphasis  on  birdstrike  resistance  at  the  expense  of  optics 
and  service  life.  The  low  technology  of  past  combat  hazards  allowed  the  windshields  to  meet  the  threats, 
but  as  high  technology  weapons  fM  their  way  into  more  and  more  national  inventories,  we  are  more 
likely  to  encounter  them. 

When  the  B«1  windshield  was  designed,  in  the  early  1970's,  it  was  the  most  sophisticated 
windshield  ever  designed.  Originally  designed  to  meet  tiie  requirements  of  the  B*1  A,  which  was  intended 
to  fly  supersonic,  emphasis  was  piac^  on  performance.  The  installation  angle  made  it  necessaiy  to  make 
the  windshield  extremely  large  to  provide  visibility,  ft  can  withstand  a  fbur<-pound  birdstrike  at  560  knots, 
and  has  an  electric  heater  built-in  to  prevent  icing. 

To  meet  the  requirements,  a  polycarbonate  structuni  ply  was  used  with  a  glass  face  ply, 
polycarbonate  spall  ply,  silicon  Interiayers,  and  metallic  coatings  which  provide  anti-static  and  heater 
capsdrilities.  Numerous  tests  were  conducted  to  ensure  that  the  windshield  would  meet  the  operational 
requirements.  The  windshield  passed  the  birdstrike  tests,  although  in  a  birdstrike  near  the  top  of  the  center 
post  may  result  in  failure  of  the  airframe  in  the  areai  In  general,  the  performance  requirements  for  the 
windshield  exceed  the  perfotmaiKe  requirements  for  the  rest  of  the  airframe. 

From  the  very  beginning  of  the  B-1  program,  there  was  much  concern  about  whether  to  use  a 
glass  or  plastic  fa:e  ply.  While  the  first  B-IA  toiled  off  the  assembly  line  with  acrylic  face  ply 
windshields,  glass  faced  windshields  had  already  been  ordered  to  replace  them.  There  were  three  primary 
factors  in  the  decision  to  switch  to  glass:  abrasion  resistance,  metallic  coatings,  and  the  heater.  For 
resistance  to  abrasives,  such  as  nuclear  dust,  glass  was  superior  to  the  acrylic  and  liners  of  the  time. 
Metallic  coatings  required  for  the  anti-static  coating  and  heater  were  difficult  to  apply  to  plastic  and 
exhibited  very  poor  durability.  The  most  critical  factor  was  that  glass  allowed  the  heater  to  operate  at 
much  lower  temperatures  than  a  plastic  face  ply,  due  to  their  respective  thermal  resistivities.  TTie  all 
plastic  windshield  suffered  from  localized  hot  spots  making  the  windshield  susceptible  to  ftdiure. 
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Since  the  beginning  of  ^  i  B  prognun.  the  windshield  has  been  a  poor  perfonner  and  adversely 
a^bcted  the  operational  availability  of  the  aircraft.  A  few  symi^oms  of  the  problem  an  delamination, 
cracking  and  melting  from  heater  use,  multiple  imaging,  p(M>r  pust-birdstilke  visibility,  excmive  change- 
out  times,  and  tack  of  combat  hazard  pnHectiun  necessary  to  meet  the  1995-2000  threat.  The  windshields 
had  a  service  life  of  less  than  one  year,  and  required  four  days  to  change  out.  This  cost  the  Air  Force 
SIOM  per  year  for  spates  alone.  With  two  forward  windshield  panels  pm-  aircraft,  each  of  the  just  under 
100  alteraft  was  MICAP  twice  a  year  for  four  days  to  change-out  a  windshield.  A^roximmely  72  hours 
of  the  down  time  was  waiting  for  sealants  to  cute.  In  terms  of  operational  avaiialnlity.  ttus  was  disastrous. 

In  1985  atIgerTeaa  was  assembled  to  addms  the  wtndshieid  issue.  As  a  result,  a  team  with 
the  laboratories,  B<1  SPO,  OC-ALC.  industry,  and  academia  was  established.  A  two-step  get  well  plan 
was  fonnulated.  Brat,  apply  existing  technologies  to  increase  service  life  and  reduce  change-out  time, 
to  reduce  the  logistics  burden.  Through  quick  curing  sealants,  changing  to  chemically  tempered  glass,  and 
sealing  the  edges,  the  service  life  has  been  doubled  and  change-out  times  significantly  reduced.  Next, 
develop  and  validate  technologies  which  would  further  increase  service  life  and  provide  combat  hazard 
protection  to  meet  the  1995-2000  mission  threats.  Combat  hazard  technologies  have  matured  to  the  point 
that  they  are  reliable  and  durable  enough  to  be  considered  for  incorporation.  The  most  recent  efforts  have 
focused  on  switching  to  a  plastic  face  ply  and  incorporating  combat  hazard  protection  directly  into  a 
windshield  which  has  greater  than  a  four  year  service  life. 

Many  of  the  problems  encountered  in  the  B-IB  have  not  shown  up  in  the  B-Z  ft  has  a  similar 
cross  section  with  the  exclusion  the  heater  and  itKOtporation  of  an  E!^  screett.  There  is  also  a 
polyurethane  liner  in  the  exterior  surface  of  the  glass.  An  effort  is  under  way  to  improve  the  liner 
technology,  and  the  B-2  would  gain  greatly  from  the  tqrplication  of  combat  hazard  technology  validated 
in  the  STT  program.  Incorporating  the  nuclear  thennal  flash  pioteaion  into  the  windshield  and  replacing 
the  glass  face  {dy  with  plastic  could  reduce  transparency  system  weight  by  as  much  as  ISO  pounds. 


DEFINING  MEANINGFUL  REQUIREMENTS 

Strategic  aircraft  operate  in  an  environment  where  it  is  no  longer  acceptable  for  windshields  to 
“just  keep  the  birds  out*.  The  transparencies  must  minimize  radar  cross  section,  protect  the  aircrew 
against  modem  combat  hazards,  provide  j^xxi  optics,  be  compatible  with  systems  like  night  vision 
goggles,  and  place  the  minimum  burden  possible  on  the  logistics  system.  Before  it  is  possible  to 
determine  how  the  transparency  will  do  this,  it  is  necessary  to  define  precisely  what  it  is  to  do.  and  to 
what  level  it  will  perform.  To  design  a  well  balanced  and  affordable  transparency,  the  requimnents  muA 
define  not  mtly  performance  requirements,  but  supponabliity  requirements  as  well.  Once  the  requirements 
are  established  to  effectively  address  the  operational  and  support  needs,  technologies  which  satisfy  the 
requirements  were  identified  and  validated  for  incorporation  into  the  desiga 

To  ensure  comprehensive  coverage  of  strategic  transparency  rsquiiements  across  the  board,  a 
review  of  ail  requirements  documentation  for  Air  Force  strategic  transparencies  was  performed.  Baseline 
requirements  were  established  through  evaluation  of  F-lll,  B-IB,  B-2,  and  Mission  Integrated 
Transparency  System  (MITS)  requirements.  These  requirements  were  divided  into  five  categoilra: 

•  Natural  Hazards 

•  Crew  Machine  Interface 

•  Combat  Hazards 

•  SuppottabiUty 

•  Biselage  Integration 
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through  a  mixture  of  "Bottom'Up"  and  Top*Oown''  analysis,  requirements  were  evaluated  and 
the  most  stiingertt  requirements  selected.  The  requirements  definition  methodology  developed  by  Northrop 
generated  lequiiements  which  met  or  exceeded  baseline  rurcraft  specifications.  The  requirements  were 
driven  by  strategic  aircraft  composite  mission  profiles  and  updated  to  reflect  the  latest  thrimt  analysis  and 
Statement  of  Need  for  strategic  aircraft.  By  involving  expertt  in  the  definition  of  requirements,  lesscms 
learned  from  previous  strategic  transparmtcy  efforts  and  opentionai  use  were  fed  itm?  the  rerpiirements 
piDcett. 


The  process  was  initiated  with  a  "Bottom'Up”  analysis.  The  basic  fiameworlt  was  established 
from  the  categories  and  parameters  from  the  MITS  program.  Baseline  spedflcations  were  loaded  into  the 
matrix.  Specificatkms  for  the  P>1  i  i.  B<IB,  and  B»2  were  reviewed  and  new  parameters  added  to  the 
matrix  as  they  were  idendfled.  The  most  stringent  requirements  were  chosen  from  those  available. 

Northrop’s  Top'Oown”  analysis  developed  new  requirements  fiom  existing  baseiine  aircraft 
requiremetds  which  were  modified  based  on  updated  threat  iixformation,  lessons  learned,  and  composite 
mission  profiles.  Composite  convemional  and  nuclear  mission  profiles  were  developed  to  define  the 
overall  strategic  mission  aircraft  performance  requirements.  The  results  of  the  "Bottom-Up”  and  Top- 
Down"  analysis  were  simultaneously  evaluated  and  the  most  stringent  requirements  were  chosen  from 
those  available.  Acceptance  criteria  were  idmittfied  for  each  lequirement 

INVESnCATING  TECHNOLOGIES 

As  the  system  requirements  were  reviewed,  technologies  were  idendfied  that  could  be  udiized  to 
meet  the  requirements.  The  technology  areas  identified  as  cridcai  to  the  success  of  the  program  were 
supportability  and  combat  hazard  technologies.  The  primary  driver  for  supportability  among  the  strategic 
community  is  currendy  service  life.  Most  notably,  the  tendency  for  delamlnadon  between  the  glass  face 
ply  and  silicon  interlayer.  The  other  technology  area  requiring  invesdgadon  was  emerging  combat  hazard 
protecdon  to  meet  the  1995-2000  threat. 

Metallic  cosdng  and  liner  technologies  for  plasdc  face  plies  have  matured  over  the  last  five  years 
to  the  point  that  they  are  nearly  ready  for  incorporadon  into  strategic  transparencies.  Bonding  capabilides 
between  interlayers  and  plasdc  plies,  and  similar  coefflcientt  of  thermal  expansion  and  strain  rates  between 
plastic  plies  will  significandy  improve  supportability  through  reduced  incidents  of  face  ply  deiaminadoa 
This  approach  has  a  significant  degree  of  risk  because  it  requires  durable  liners  and  metallic  coatings  for 
jqjplicadon  on  plastic  substrates.  Until  recently,  this  has  been  a  major  obstacle  for  plastic  transparencies. 

Recent  advancements  in  photochromies  and  metallic  coating  technologies  make  it  possible  to 
incorporate  combat  hazard  protection  directly  into  the  windshield.  These  technologies  must  work  together 
to  protect  against  millimeter/microwave  radiation,  lasers,  nuclear  thermal  flash,  and  electro-magnetic  pulse 
(EMP),  while  minimizing  radar  cross  section.  The  photochromic  dyes,  which  are  imbedded  in  interlayer 
material  and  placed  between  the  face,  structural,  and  qrall  plies,  activates  nqridly  enough  to  protect  the 
aircrew  from  the  high  energy  thermal  pulse.  However,  PL2T  goggles  are  required  because  photochromies 
can  not  react  fast  enough  to  protect  the  eyes.  If  properly  designed,  one  metallic  coating  can  provide 
protection  from  more  than  one  type  of  combat  haz^. 

Any  research  program  involves  a  certain  degree  of  risk.  It  is  the  responsibility  of  the  develofxnent 
team  to  manage  the  risks,  minimizing  or  elimiiuolng  them  to  the  greatest  extent  possible.  As  a  central  part 
of  the  STT  program,  a  technology  risk  management  process  was  implemented,  the  program 


teetodogy  goals  ciearty  defined,  risks  were  identified.  asses.sed,  and  controlled.  tHe  top  five  risks  were 
listed  and  specific  plans  for  their  reduction  were  defined  and  agreed  to  by  the  development  team. 

One  of  the  keys  to  minimizing  risks  was  to  perf(>mi  coupon  ievel  evaluatioas  of  the  technologires' 
maturity  and  liiuitatioret.  As  an  example,  the  ability  of  metallic  coalings  and  linent  on  a  plastic  substrate 
to  pcribfm  after  exposure  to  hanh  environments  was  identified  ax  a  critical  risk.  Tests  were  design^  to 
evaluate  combinations  as  they  were  exposed  to  combat  hazards,  extreme  weather  conditions,  and 

cyclic  loadh'ig.  These  tests  Identified  thm  cmnbinations  from  two  vendore  th^  warrant  ftirtlrer  sbidy. 
the  other  ccrepetitoR  may  be  (d»l«  to  mem  the  retptiremenis  for  a  specific  aircraft,  but  wmuld  be 
unacceptably  ri^y  for  incorporation  into  odier  transparencies.  A  goal  of  the  STT  program  is  to  validate 
technologies  whidi  can  be  applied  to  the  mst^ty  strategic  transparencies. 

The  teft  series  was  designed  to  validate  the  candidate  materials  ability  to  meet  foe  miktest 
requirements  in  a  minimum  number  of  tests,  Coupons  were  fabricated  with  a  metalUr  oiating  protected 
by  a  liner.  The  coupons  were  a  mix  of  substrates  with  gold,  silver,  or  ITO  type  coatings,  protected  with 
various  linent.  The  coupons  were  subjected  to  optics,  bendingAhermal,  bmtding/cyclic,  thennal,  QUV, 
humidity,  liner  adhesion,  and  thennal  flash  tests.  The  durability  and  performance  of  foe  coatings  and 
liners  were  measured.  For  foe  thermal  flash  tests,  coupons  were  tested  with  and  without  lirrera  to  idendiy 
their  effects. 

The  other  key  technology  risk  was  foe  durability  of  foe  photochromies.  Under  an  IR&D  program, 
Nonhrop  has  worked  with  foe  various  transparency  vendors  to  validate  photochromic  dyes  whiifo  are  nm 
sensitive  to  oxygen,  and  can  be  incorporated  into  an  all  plastic  windshield. 

TRANSmONINO  A  USEFUL  PRODUCT 

Technologies  validated  in  the  laboratories  are  transitioned  directly  to  foe  field  where  they  can  be 
used.  The  B*IB  was  chosen  as  foe  transition  vehicle  for  foe  STT  program  products.  The  B* IB  is  in  foe 
greatest  need  for  foe  supportabiiity  and  performance  imptuvements.  Also,  because  there  are  almost  100 
B'lBs  and  only  20  B*2s,  it  offers  foe  best  economic  invesunent  cost/beirefit  ratio. 

Because  foe  B*!  requirements  are  not  as  stringent  as  foe  STT  requirements  in  each  of  foe 
categories,  a  trade  sr.idy  will  be  performed  to  identify  foe  specific  technology  mix  which  will  best  serve 
the  B*  I B.  The  technologies  will  be  integiated  into  a  single  cross  section  to  validate  manufacturability  and 
combined  durability.  Tests  similar  to  those  performed  on  foe  metallic  coating  coupons  will  validate  that 
foe  integrated  transpareiKy  cross  seciiun  meets  the  needs  of  foe  B< IB  and  is  ready  to  be  scaled  up.  Full 
scale  test  articles  will  then  be  manufactured  and  tested.  While  undergoing  qualification  tests,  foe  ftill  scale 
articies  will  be  flight  and  durability  tested. 

Once  proven  on  foe  B-IB,  the  technologies  validated  under  foe  STT  program  will  be  made 
available  for  use  in  foe  B-2  and  other  aircraft  with  similar  needs  for  combat  hazard  protection,  through 
foe  Joint  Aircraft  Transparency  Technology  Insertion  Center  (J  ATTIC). 

CONCLUSIONS  &  SUMMARY 

The  Strategic  Transparency  Technology  program  is  the  benchmark  for  transparency  system 
integration.  The  program  has  taken  a  systems  approach  to  providing  technologies  and  balancing 
supportabiiity  and  perfoimonce  requirements.  This  will  ensure  strategic  aircraft  have  affordable 
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windshields  which  meet  their  mission  needs  for  1995-2(XX). 

The  history  of  strategic  transparencies  was  reviewed  and  lessons  leamnl  were  apfHied  to  define 
a  program  whicto  will  not  repeat  the  mistakes  of  the  past. 

The  most  comprehensive  and  stringent  set  of  requirements  ever  developed  for  a  transfwency  were 
defined  and  levels  of  acceptance  quantiried.  SupporuMlity  was  treated  as  an  equal  with  performance 
requirements  to  provide  balance  and  affonJability.  A  combined  "BotttMn'Up"  and  Top-lDown"  approach 
was  used  to  define  the  requirements,  using  composite  mission  proflies  and  strategic  aircraft  requirements. 

Technologies  have  matured  sufficiently  to  provide  great  improvements  in  sui^rtability  while 
incorporating  combat  hazard  protection.  Photochromies  and  metallic  coatings  on  plastic  have  been 
validated.  These  technologies  will  be  incorporated  into  an  durable  all  |rfastic  windshield.  The  ability  to 
integrate  the  technologies  will  be  demonstrated  prior  to  production  of  foil  scale  prototypes. 

Current  plans  call  for  proving  the  technology  on  the  B* IB  first,  followed  making  foe  technology 
available  for  application  to  the  B*2  and  other  aircraft  with  the  assistaiKe  of  the  Joint  Aircraft  Ttansimrency 
Tedmology  Insertion  Center  (JATtlQ. 


INTEGRATED  SYSTEMS  APPROACH 
to  Strategic  Ttansparencies 


1.  lOfNttPY  NEBOS 
a.  OEEINB  REQUIREMENTS 

3.  IDENTIFY  TBCHNOtQQIES  TO  MEET  REQT8 

4.  VALIDATE  TECHNOLOGY  MATURITY 

5.  INTEGRATE  TECHNOLOGIES 

e.  VALIDATE  PULL*8CALS  SYSTEM 
7.  TRANSITION  SYSTEM 


RISK  MOT 
PROCESS 


TECH  MOT 
PROCESS 


USER 

OWNER 

MAINTAINBR 

DESIGNER 

MANUFACTURER 


IDENTIFYING  NEEDS 


•  MISSION  NEEDS  STATEMENTS 

•  AIRCRAPT  MISSIONS 

•  OWNER 

•  USER 

•  MAINTAINER 

NEED  .  A  OURABLe  STRATeatC  TRANBPAReNCY  SVSTEM  WHICH  MBeTS 
AIRCRAPT  UI89ION  NEBD9  POR  1999>a000  AND  19  9UPPORTABLB. 


\ 
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B-1B  WINDSHIELD  CROSS  SECTION 


MOST  COMPneHeNSIVE,  aUANTITATIVe,  reSTASLE  8§T  OP 
ReOUmSMENTS  FOR  AN  AIRCRAFT  TRANSPARENCY  EVER  DEFINEOl 


REQUIREMENTS  CATEGORIES 

for  Strategic  Transparencies 


•  NATURAL  HAZARDS 

•  CREW-MACHINE  INTERFACE 

•  COMBAT  HAZARDS 

•  SUPPORTABIUTY 

•  FUSEUGE  INTEGRATION 


/ 


-BOTTOM'UP-  REQUIREMENTS  MATRIX 


CAnUOM  ■  MTUNM  HAIADOS  ■  I  t 
PAItAtmUt  ■WMMTMIKI  •  l.l.t 
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BASIC  TBCHNOLOGIES  AVAILABLB 
to  Moot  Requirements 


DURABLE  METALUC  COATINGS  ON  RUSTIC 
PHOTOETCHEO  SCREENS 
OXYGEN  INSENSITIVE  PHOTCHROMICS 
DURABLE  TRANSPARENCY  LINERS 


COMBAT  HAZARD  TECHNOLOGY  AREAS 

Under  Validation  to  Moot  Raquiramanta  for  1995-2000 


•  Radtr  Cross  Ssetlon  Control 

•  Lassr  Protsctlon 

•  Photoehromle  Nucisar  Thsrmoi  Protsctlon 

•  EMP  Protsctlon 

•  Mllllmstsr/Mlerowavs  Shielding 
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VALIDATION  OF  TECHNOLOGY  MATURITY 


RECENT  TESTS  VALIDATED  METAUIC  COATED  RUSTIC 
COUPONS  FOR: 


•  OPTICS 

•  BENDINQ/THERMAL 

•  BENDING/CYCLIC 

•  THERMAL  SHOCK 

•  QUV  EXPOSURE 

•  HUMIDITY 

•  UNER  ADHESION 

•  THERMAL  PUSH 


SUBSCALE  TECHNOLOGY  INTEGRATION 


WILL  VALIDATE  INTEGRATED  TECHNOLOGY: 

•  MANUFACTURABILITY 

•  MISSION  PERFORMANCE 

•  DURABIUTY 
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FULL-SCALE  SYSTEM  VAUDATiON 


WILL  VAUDATE  ABILITY  TO  PRODUCE  PUU-SCALE 
ARTICLES  WHICH  MEET  REQUIREMENTS  FOR: 

•  MANUFACTURABILltY 

•  MISSION  PERFORMANCE 

•  DURABILITY 


TEANSmONING  A  PRODUCT 


•  PREFERRED  SPARE  FOR  B-1B 

•  WILU  IMPROVE  B-1B  COMBAT  HAZARD  PROTECTION 

•  WILL  IMPROVE  B-1B  OPTICS 

•  WILL  IMPROVE  SUPPORTABILITY 

•  TECH  TRANSITION  TO  B-2  AND  OTHER  AIRCRAFT 
THROUGH  JATTIC 


RAIN  BROSION  TESTING  REQUIREMENTS  • 

THE  P.16  TRANSPARENCY  SPECIRCATION  REVISITED 


Clifton  A.  Wdtttor 
Lodcheed  Port  Worth  Con^y 
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Bala  irosloB  Yaatlag  Raquiraaaats 
Tlia  V-lf  Traasparaaey  Spaeifloatlaa  Raviaitad 


Clifton  A.  Wabatar 
Lockhaad  Fort  Worth  Company 
Pert  Worth,  Taxaa  76101,  c.s.A. 


A  raviav  of  tha  F-lO  tranaparaney  spaelfieatlon  vaa  undartakan  in 
raaponaa  to  a  changed  alaalon  profile  and  tha  availability  of  new 
high  parforaanea  aatariala  and  eoatlnga.  Tha  F->16  tranaparaney 
apaeifloatlon  (ravialon  C)  raquiraa  that  tha  outaida  aurfaca 
vlthatand  rain  iaplngaMnt  of  one  inch  par  hour  at  an  airapaad  of 
500  knota  for  a  period  of  5  ainutaa.  Thia  raquiraaant  vaa 
introduced  into  tha  Specification  in  1981.  Diacuaoiona  vara  held 
with  tha  author  of  tha  original  Specification  and  tha  F-16 
tranaparaney  aanufacturara.  No  publiahad  analyaia  vaa  forthcoaing 
tdiieh  vould  daaeriba  hov  or  vhy  tha  500  knot  velocity,  5  ainuta 
duration,  and  l  inch  par  hour  rainfall  rata  eoabination  vaa 
aalaetad* 

This  paper  attaapta  to  aatabliah  a  baals  for  aalaetion  of  levels  of 
rainfall _rata,  valoelty,  exposure  duration,  and  droplet  size... . 

A  litaraturs  search  yielded  1.4  inch/hour  rainfall  rata  as  an 
operational  criterion.  Hovavar,  tha  only  available  rain  erosion 
test  facility,  tha  University  of  Dayton  Research  Institute  (UDRX) , 
has  a  fixed  rata  of  i  inch/hour. 

Currant  aisslon  profiles  vara  used  in  eoabination  with  axtraaa 
rainfall  rata  and  duration  data  froa  Florida  to  derive  expected 
exposure  durations  appropriate  for  the  F-16.  Tha  expected  exposure 
duration  for  tha  l  ireh/hour  rata  correlated  vail  vith  tha 
Specification  (4.18  alnutes  vs.  5  minutes  raspactlvaly) .  The 
currant  test  velocity  also  corralatas  vail  vith  a  vaightad  average 
Air-to-Cround  mission  velocity  (500  knota  vs.  523  knots) .  The 
average  aission  velocity  vas  taken  only  at  altitudes  at  which 
rainfall  aay  be  encountered. 
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latgflflufltiga 


Air  Fore*  Specification  16ZX002C  [1],  deflnee  the  currant 

requiranenta  of  F**16  transpareneiee  for  resisting  wear  and  surface 
erosion  when  exposed  to  the  Inpingenent  of  rain.  This 
specification  requires  that  the  outside  surface  of  the  F*1S 
transparency  withstand  rain  inpingenent  of  one  inch  per  hour  at  an 
airspeed  of  500  knots  for  a  period  of  5  ninutes,  with  visible 
surface  danaga  United  to  10  percent  or  less  of  the  exposed  surface 
area.  This  requirenent  applies  to  both  coated  and  uncoated 
exterior  s\ir faces. 

Rain  erosion  danage  requirenants  in  the  current  Air  Force 
specification  were  introduced  when  the  F*16  transparencies  becane 
Govemnent  Furnished  Aeronautical  Equipnent  (6FAE)  in  October  of 
1981.  Discussions  were  held  with  the  author  of  the  original 
Specification  and  the  F-16  transparency  nanufacturers  concerning 
the  basis  for  the  rain  erosion  test  paraneters. 

No  published  analysis  was  fortheoning  which  would  describe  how  or 
why  a  rainfall  Impingeoent  rate  of  one  inch  per  hour  at  500  knots 
for  5  minutes  was  developed.  The  following  excerpts  are  typical  of 
the  literature  search  findings: 

"Rain  erosion  tests  are  realistic  in  evaluating  how  well  a 

coating  adheres  to  a  plastic  surface  (2]." 

"There  has  been  no  correlation  between  results  of  this  test 

and  in-service  data  (2]*" 

F-16  forward  transparencies  are  currently  constructed  with  a  top  or 
outside  layer  of  uncoated  cast  acrylic.  This  MZ]>P-542S  acrylic 
material  has  been  successfully  tested  for  rain  erosion  resistance 
in  accordance  with  Specification  16ZK002  requirements.  Coupons  are 
tested  both  unexposed  and  following  exposure  to  the  artificial 
equivalent  of  3  years  natural  sunlight.  The  test  specimens  are 
mounted  at  30*  inclination  to  the  direction  of  air  flow. 

MptlYitlon 

Why  question  the  requirements  of  a  specification  for  a  transparency 
design  that  has  been  in  service  for  over  10  years? 

1)  Change  in  Mission  profile.  In  the  late  1970 's  the  eiqpeeted 
mission  mix  for  the  F-16  was  50%  air-to-air  and  50%  air-to-ground, 
with  air-to-ground  sorties  being  flown  at  450  knots  during 
ordinance  delivery.  The  current  mission  mix  is  approximately  30% 
air-to-air  and  70%  air-to-ground.  For  the  air-ground  mission  the 
average  approach  velocity  is  over  500  knots  with  a  typical  altitude 
in  the  300-500  ft.  range.  Thus,  there  is  both  an  increased  chance 
of  encountering  rainfall  at  the  lower  altitudes  of  the  air-to- 
ground  mission  (compared  to  the  air-to-air)  mission  and  an 
increased  chance  of  damage  at  the  higher  velocities. 
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2)  N«w  coatings  to  svaluata.  A  naw  ganaratlon  of  anvi:roniBantal 
coatings  is  undar  avaluation.  Qualification  tasting  should  ba  dona 
using  appropriata  raguiranants. 

3)  Naw  natarials  to  avaluata.  Xaprova4  satarials  that  could  taka 
tha  plaea  of  polycarbonata  and  acrylic  ara  baing  davalopad  and 
should  ba  tastad  using  appropriata  raquiraaants. 

Rasults  of  this  study  wars  usad  to  aaka  racoamandations  tot 
changing  tha  axisting  Air  Forca  spacifieation,  16ZK002. 

altsMtiiftn 

During  tha  raviaw  of  availabla  military  standards,  spacifieations, 
Air  Fores  Wright  Laboratory  publications  and  othar  documants  usad 
to  eompila  this  raport,  it  bacama  raadily  apparant  that  it  would  ba 
vary  difficult  to  quantify  what  could  ba  considarad  "normal 
rainfall  aneountars." 

Four  varlablas  ara  raqulrad  to  fully  dafina  tha  rain  arosion 
raquiramantt  rainfall  rata,  aircraft  valoclty,  axposura  duration, 
and  droplat  siza. 


Taut  Rainfall  Rata 

This  study  started  with  a  search  of  F-16  literature.  The  prims 
Item  Davalopmant  Specification  for  F-16  Aircraft ,  16PS005  [  3  ] , 
directs  tha  investigation  to  Specification  16PS011  [4}. 

Specif Icatlon  16PS011,  states  that  P-16  aircraft  shall  ba 
operational  undar  in-flight  rainfall  rates  of  0.59  inches  par  hour 
as  defined  in  MIZi-E-38493  [5].  However,  MIL-E-38453  was  canceled 
on  7  April  1986.  NZL-E-384S3  has  bean  superseded  by  MIL-E-87145 

[6].  MZL-E-87145  lists  MIL-STD-210  [7}  as  tha  document  which 

defines  flight  operational  rainfall  rates  at  a  0.5  percent  extrema. 

MIL-8TO-210C,  gives  a  rainfall  rata  which  would  occur  0.5  percent 
of  the  time  as  0.6  mm/min. 

O-JUm  *  1„  jjich  *  50  BlnutAft  -  1.4  inches 

minute  25.4  mm  hour  hour 

All  rain  erosion  testing  for  U.s.  Air  Force  equipment  is  performed 
at  the  Wright  Laboratory  facility  by  the  University  of  Dayton 
Research  Institute  (UDRI) .  The  Wright  Laboratory  apparatus  has  a 
calibrated  rate  of  1.0  inches  per  hour  in  contrast  to  the  required 
rate  of  1.4  inches  per  hour  CB]. 


Tmut  yiQoltv 


Up**to*dat4i  Biiaalon  profilaa  tor  both  Alr*’to*«Air  and  Alr^to-Ground 
niasiona  vara  obtainad  from  tha  Lockhaad  Fort  Worth  Coapany  F*-16 
Aaro  Parforaanea  group.  Tablaa  1  and  2  aunaariza  thaaa  alaalona. 
Thaaa  alaalon  profilaa  wara  uaad  to  ealeulata  a  vaightad  avaraga 
airapaad  at  which  axtraaa  ralnFall  aight  ba  ancountarad  and  tha 
rain  iapaet  would  potantially  ba  dasmging.  Calculationa  ara 
praaantad  in  Tabla  3. 

It  waa  aaauaad  that  rain  abova  15^000  faat  would  ba  avoidad  dua  to 
tha  poaaibility  of  ancountaring  ica  and  axtraaa  air  turbulanca.  It 
waa  furthar  aaauaad  that  tha  rainfall  rata  and  probability  of 
occurranca  would  ba  unifom  froa  ground  laval  to  15,000  faat. 
Studiaa  of  vartical  radar  raflactivity  profilaa  indicata  that  whan 
high  praeipitation  rataa  raach  tha  aurfaea,  tha  rataa  and  hanca 
praeipitation  watar  eontant,  atay  fairly  constant  with  altituda  up 
to  about  6  kilonatara  than  daeraaaa  abova  [9]. 

A  valocity  of  500  knota  waa  aalactad  aa  that  which  %rould 
potantially  cauaa  tha  rain  impact  to  ba  damaging. 


Tabl*  1:  MISSION  SUMMAKY 
AIR-TO-OROUND  MISSION  F100*PW-229  ENGINE 


Mission  Phass 


T.O.  A  Am*(  <Mh  Pwar) 


om»i  (Soo  ktm  1 2oe  ft) 


Turn  <Nm  Nmr) 


Mtein  (1«ae  ft) 


Turn  (Nil  pmmU 


Ufain  (1«»  ft) 


Turn  (Nm  pour) 
••••In  d-K  ft) 


Turn  (HU  paMM>) 


lltain  (1*»  ft) 


AcMlaratc 


0«h  (SM  KTM  •  200  ft) 


CrulM 


Altituds 

(Fast) 


Total  Nlaoion  Tina  (Nin) 


V 


Tabltt  2:  MISSION  SUMMARV 
AIN«TO**AIR  MISSION  PI10-<3B-129  ENGINE 


Mission  Phass 


Airspssd 

Altituds 

(XTAS) 

(Fast) 

T.O.  6  6eeot  (Nm  Oomot) 

etias 

Cruloo 

Oiocwd 

Aceol  (M  0.0<1.1) 

Turn  (1  at  M1.1) 

Drop  Tank 

Oacol  CM  I.T'O.O) 

Turn  (3  at  N  0.0} 

Ouall  (N  0.0) 

necol  (N  0.0  •  1.1) 

Turn  <1  at  N  1.1) 

Oaeal  (N  1.1  *0.0) 

Turn  (3  at  N  0.0) 

Cl  lab 

Crulao 

0 

.m 
,160 
,000 
15,000 
15,000 
JS.OOO 
15,000 
15,000 
15,000 
15,000 
15,000 
15.000 
15,000 
66,460 
65,535 


Total  NlMlon  TiM 


For  aiaalon  aagnanta  from  Tabla  I  in  which  the  velocity  atarta  or 
anda  undar  500  knota,  tha  avaraga  velocity  and  half  the  time 
incarval  for  tha  aagmant  vaa  uaad  in  Table  3.  For  example, 
velocity  •>  (S42  477)  knota/2  ■>  510  knota  and  interval  <*  10.3 
minutaa/2  >"5.15  ninutaa. 


Table  3;  AIR-T0H3R0UN0  MISSION  BELOW  15K  FEET 


Airspeed 

(KTAS) 

Flight 

Time 

(Min) 

Fraction  of 
Flight  Time 
Under  15K 

Feet 

Weighted 

Airspeed 

(KTAS) 

510 

5.2 

0.1891 

96.44 

521 

8.4 

0.3055 

159.17 

500 

.4 

0.0145 

7-25 

500 

.1 

0.0036 

1.80 

500 

.8 

0.0291 

14.55 

500 

.2 

0.0073 

3.65 

-  500 

.4 

-  0.0145 

7.25 

500 

.1 

0.0036 

1.80 

500 

.7 

0.0255 

12.75 

500 

.2 

0.0073 

3.65 

525 

.2 

0.0073 

3.83 

550 

7.5 

0.2727 

149.99 

508 

3.3 

0.1200 

60.96 

Total  1.0000  Total 

27.50  523.09 


Approximately  89%  of  the  typical  Air*toHSround  miasion  airapeeda, 
for  altitudea  under  15,000  feat,  were  in  exeeaa  of  500  knota.  A 
majority  of  the  Air-to-Air  miaaion  ia  also  flown  at  airapeeda 
greater  than  500  knota.  However,  the  altitude  during  theae  miaaion 
aegmenta  ia  typically  15,000  ft  or  greater.  Therefore,  the  Air*to» 
Grotind  miaaion  would  be  the  worat-caae  environment.  From  Table  3, 
the  weighted  average  miaaion  airapeed  at  altitudea  where  rainfall 
encountara  are  axpacted  waa  523  Jenota  for  the  Air-to*>Ground 
Miaaion.  A  teat  velocity  of  523  knota  ia  within  capabilities  of 
the  Wright  Laboratory/UDRI  facility  where  impact  velocities  to  a 
maximum  of  650  miles/hour  or  564  knots  can  be  attained  [8]. 
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Expactad  axposura  duration  is  dapandant  upon  thraa  variablas: 

1.  Tha  fraction  of  tha  total  lifatina  (flight  and  ground)  of  tha 
transparaney  that  ia  flight  tlaa.  For  this  study  it  is 
asaumad  that  a  typical  F-16  will  fly  22  hours  aach  month  and 
that  forward  transparanciaa  hava  an  axpaetad  lifa  of  4  yaara* 

2.  Tha  fraction  of  tha  flight  tiaa  that  is  both  balow  1S,000  faat 
and  500  knots  or  fastar.  From  Tablas  1  and  3,  tha  Alr*to<« 
Ground  Mission  fraction  is  27.5  ainutas  out  of  a  110.9  ainuta 
total  mission  tiaa.  Tha  Air-to-Alr  Mission  fraction  ia  10.9 
ainutas  out  of  a  126.9  ainuta  total  aission  tiaa. 

3.  Typical  durations  of  axtraaa  rainfall  ratas.  MIL-STD*210C, 
glvas  a  rainfall  rata  which  would  occur  0.5  percent  of  tha 
tiaa  as  0.6  aa/ainuta  (1.4  in/hour). 

Air^'tO'-Ground  Mission: 

y.5  ■tnut.—  *  22  hour*  *  12  wonthi  *  i  ywan  *  .005  *  60  •  78.6  aliMM 

110.9  ainutM  Mntk  ytar  hour 

Alr«>to-Air  Mission: 

10.9  ■<wutoo  •  22  tayu  *  *  4  yoor*  •  .005  *  60  olnutoo  •  27.2  •inutoo 

126.9  alfiitM  -  Mnth  yoor -  hour  .  - 

These  axposura  tiaas,  being  considerably  higher  than  tha  5  ainuta 
baseline  of  tha  Specification,  wars  suspect.  Another  reason  to  be 
suspicious  of  this  approach  is  tha  statistical  nodal  for 
calculating  tha  0.5%  axtraaa  of  MIL-STD-210  utilized  l-alnuta 
parcipitation  intansltias  only.  It  saaas  logical  that  tasting  with 
a  0.5%  axtraaa  rainfall  rata  should  be  dona  for  a  1-ainuta  duration 
only.  Tharafora  another  approach  to  calculating  axposura  duration 
was  investigated. 

Rainfall  Intansity-Ouration’^Fraquancy  Curves  vara  obtalnad  froa  tha 
National  Waathar  Sarvlea,  U.S.  Dapartaant  of  Coaaaroa,  Fort  Worth, 
Taxes  (10).  Thasa  curvaa  wara  coapllad  using  aceuaulatad  rainfall 
data  and  a  fraquancy  analysis  method  of  axtraaa  values  developed  by 
Guabal.  A  detailed  discussion  of  this  method  of  axtraaa  values  can 
be  found  in  report  A0766210  (11). 

Extrema  rainfall  rates  are  available  for  such  areas  as  India  and 
Northam  Brazil.  However,  this  author  chose  to  use  data  available 
for  rainfall  ratas  in  Florida.  Florida  was  chosen  an  typicsT  of  an 
area  %d:ara  axtraaa  rainfall  ratas  aight  be  aneountarad  during 
paacatiaa  operations. 

Duration  for  two  rainfall  ratas,  1  Inch  par  hour  and  1.4  inches  par 
hour,  wara  taken  from  tha  above  rafarancad  charts  for  Jacksonville, 
Kay  Hast,  Miami,  Pensacola,  and  Taapa.  Thasa  ratas  are  tabulated 
in  Table  4  for  a  return  period  of  forty  years.  Tha  forty  year 


return  period  was  derived  on  the  basis  of  '^withstanding'*  an  extreme 
rainfall  occurrence.  Report  AD766210  defines  "withstanding"  as  a 
calculated  risk  of  failure  of  10  percent,  the  four  year  expected 
duration  of  exposure  is  one-tenth  or  10  percent  of  forty  years. 

A  return  period  can  be  explained  as  the  span  of  time  during  which 
at  least  one  event  of  specific  extremes  is  expected  to  occur.  For 
example*  in  Tampa  Florida*  rainfall  of  one  inch  per  hour  or  greater 
that  lasts  for  at  least  7.5  hours  is  expected  at  least  one  time 
during  forty  years.  Thus*  this  rainfall  extreme  for  Tampa  has  a 
forty  year  return  period. 


1  Table  4:  FLORIDA  RAINFALL  DURATIONS 

LOCATION 

DURATION  (HRS) 

1.0  inches/hour 

DURATION  (HRS) 

1.4  inches/hour 

Jacksonville 

8.2 

4.0 

Key  West 

9.0 

4.7 

Miami 

11.6 

6.3 

Pensacola 

10.6 

6.4 

Tampa 

7.5 

4.4 

AVERAGE 

9.2 

. 5.2.-.:-..-,:.- . 

For  the  Air-to-Ground  Mlseion  the  encounter  durations  for  the  two 
rain  fall  rates  selected  are  as  follows: 


For  a  1  inch  per  hour  rainfall  rate  the  duration  during  the 
expected  4  year  service  life  is: 

9.2  iwura  •  22  iUBtltOUfi  *  ft.  •  1  MOUt  *  1  JKI.  *  «  aiO*  • 

Mntti  110.4  ■<!«.  aUtiw  30  day*  24  (teura  1  hour 

For  a  1.4  inch  per  hour  rainfall  rate  the  duration  during  the 
expected  4  year  service  life  is: 


S.3  kaura  •  32 


fUdlt  {WMTI  *  undar  nit  ft. 

■awtk  110.0  ain.  total  olaata 


•  1  mud  •  1  day  •  M  >  2.4  NInutaa 
SO  day*  24  hour*  1  hour 


ProDlet  iiae 

The  droplet  sixe  distribution  for  a  0.6  mm/min  (1.4  inches/hour) 
rainfall  rate  is  found  in  Table  5.  The  distribution  was  estimated 
from  a  gamma-function  fit  to  drop-sixe  distributions  observed 
during  heavy  rain  in  tropical  oyolonee  [7].  The  liquid  water 
content  Is  1.6  g/m*. 


At  the  ItL/VDRZ  rain  erosion  test  facility*  drop  diameter  ranges 
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from  1.7  to  2.3  jm  with  an  avaraga  alza  of  2.0  bub  at  tha  capillary 
orifica.  Thiw  drop  aiza  distribution  corraaponda  with  tha  standard 
1  inch  par  hour  rainfall  rata  [12].  Drop  siza  and  drop  rata  ara 
controllad  by  the  water  tanparatura,  capillary  orifica  diaaatar  and 
head  pressure  of  tha  water  storaga  tank  [8].  It  should  be  noted 
the  drop  siza  that  actually  impinges  on  tha  test  coupon  is  unknown 
due  to  tha  turbulence  inside  tha  test  chamber.  Adler  [13]  suggests 
that  tha  drop  siza  distribution  at  tha  Wl/UDRZ  erosion  facility  is 
bimodal  with  a  peak  at  l.O  mm  and  tha  other  cantered  around  4.5  mm. 

Teat  droplet  size  for  a  1  inch  par  hour  rata  is  somewhat  larger 
than  that  expected  for  a  1.4  inch  per  hour  natural  rainfall  event. 
Considering  the  equation^ 

Kinetic  Energy  «•  .5  *  Mass  *  Velocity^, 

test  conditions  should  present  a  more  extreme  condition  due  to  the 
larger  test  droplet  size  and  therefore  mass. 

For  the  purpose  of  this  study,  droplet  size  as  a  test  variable  was 
ignored  due  to: 

The  difficulty  in  controlling  droplet  size  as  a  test 
parameter. 

Test  conditions  that  should  bo  more  extreme  than  environmental 
conditions. 

11  The  F-16  Specification  does  not  mention  droplet  miss  as  a  test 
condition. 


Table  5:  DROPLET  SIZE  DISTRIBUTION  j 

DIAMETER  SIZE 
INTERVAL  (am) 

DROPLETS 

PER  CUBIC  METER 

0.5-1. 4 

1154 

1.5-2. 4 

260 

2. 5-3. 4 

26 

3. 5-4. 4 

2 

4. 5-5. 4 

<1 

5. 5-6. 4 

<l 

RtcgantnaitigM 


As  a  rssult  of  this  study,  ths  following  rscoansndations  were  aade 
to  Ogden  Air  Xiogistics  Center  (00-ALC)  i 

1.  Rainfall  rate  to  remain  at  1  inch  par  hour. 

2.  Duration  to  remain  at  five  minutes. 

3.  Impact  velocity  to  increase  from  300  to  323  knots. 

4.  Coated  transparency  surfaces  be  tested  to  the  same 
specifications  as  are  the  uncoated  surfaces. 

Any  new  specification  should  also  include  QUV  exposure  to  coupons 
prior  to  testing.  QUV  machines  expose  coupons  to  a  combination  of 
UV  light,  humidity,  and  temperature.  Previous  testing  [14]  [15] 
Indicates  a  high  correlation  between  simulated  environmental 
exposure  and  premature  coatings  failure  during  rain  erosion 
testing. 


Areas  for  further  Investigation 

The  discrepancy  between  the  1.4  ineh/hour  rainfall  rata  required  by 
MIL-STD-210  and  the  1.0  inch/hour  rainfall  rata  capability  of  the 
Wt/UORl  facility  IS  unresolved.  An  approach  might  be  to  convert 
from  a  higher  rainfall  rate  to  a  lower  rainfall  rate  by  increasing 

■-■■duratlonv^^---- -■  . . ^ . . . . . . . . 

The  number  of  raindrops  that  collide  with  the  transparency  within 
a  unit  of  time  is  logically  proportional  to  the  product  of  rainfall 
rata  and  flight  velocity.  For  example,  a  one  inch  rainfall  rate 
for  4.18  minutes  would  result  in  more  collisions  than  a  1.4  inch 
rainfall  rate  for  2.4  minutes  (product  eifuals  3.36).  The  4.18  and 
2.4  minute  values  were  determined  in  the  Expected  Exposure  Duration 
section.  If  the  number  of  collisions  is  proportional  to  the  amount 
of  damage,  then  the  rate/dur«tlon  trade  is  valid. 

Even  if  this  relationship  is  valid,  it  likaly  has  upper  and  lower 
bounds.  The  lower  bound  would  reflect  a  threshold  duration  at 
which  a  specific  rainfall  rate  and  velocity  combination  would  not 
cause  damage.  The  upper  bound  represents  complete  surface  damage 
(l.e.  coating  removal)  or  end  of  testing.  In  between  the  bounds  as 
testing  duration  increases,  surface  damage  increases.  A  critical 
assumption  to  the  rate/duration  trade  and  the  ideas  set  forth  in 
this  paper  is  that  the  subject  durations  fall  within  these 
hypothetical  bounds.  Further  investigation  is  required  to  prove  or 
disprove  this  hypothesis. 

The  number  of  collisions  for  a  given  rainfall  rata  at  the  UDRI 
facility  is  also  in  question.  Adler  [13]  suggests  that  run  times 
be  increased  by  a  factor  of  three  or  four  to  batter  compare  with 
representative  natural  rainfalls. 
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Much  work  roraains  in  tha  field  of  rain  erosion  testing.  As  Oilligo 
[16]  states,  the  mechanism  of  rain  erosion  is  a  complex  phenomenon 
that  is  a  function  of  test  parameters  and  characteristics  of  the 
specific  polymeric  material. 

&gtocKl.iagiBfnt 

This  report  was  originally  published  by  General  Dynamics  Fort  Worth 
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ABSTRACT 

There  is  an  operational  need  for  providing  integrated  protection  from  projected  wc^kmi 
threats  to  B<1B  transparencies.  Initially,  coupon-type  specimens  were  molded  and/or  machined 
from  candidate  materiel  systems  and  subjected  to  exposure  to  chemical  threats,  simulated 
nuclear  heat  flux,  and  las^  irradiation.  Ad^Uonal  samples  of  candidate  hardened  tranqmrency 
materials  were  subjected  to  the  following  test/evaluation:  quantifying  the  energy  passed  through 
the  material  during  thermal  flash  exposure;  quantifying  changes  in  optical  density  during  laser 
irradiation;  and  evaluating  durability  of  unconditioned  exterior  coatings  in  a  simulated  nuclear 
dust  environment  Existing  photochromic  interlayers  show  promise  for  controlling  the  hetf 
energy  passing  dirough  a  transparent  laminate  during  nuclear  flash  exposure,  but  fail  to  respond 
in  time  to  satisfy  flashblindness  requirements.  When  subjected  to  simulated  nuclear  dust 
environment  samples  with  an  elastomeric  liner  on  the  outer  surface  experienced  less  optical 
degradation  than  aanqtles  with  a  hard  overcoat 

Recently,  coupon-type  specimens  which  incorporate  ITO  on  a  chemical  stret^gthened 
glass  face  ply  and  the  EOII  system  on  a  high  temperature  polycarbonate  face  ply  have  been 
exposed  to  four  equivalent  years  of  accelerated  weathering  plus  cleaning.  Subsequent 
te^evaluation,  including  laser  inadiation,  is  being  conducted  to  substantiate  durability  of  the 
face  ply  coating  and  structural  integrity  of  the  face  ply  to  structural  ply  bond. 


INTRODUenON 

During  1988,  Fhaso  I  hardened  transparent  coupon-type  specimens  were  procured  and 
tested  to  evaluate  material  degradation.  Candidate  material  systems,  having  no  pre¬ 
conditioning,  were  exposed  to  chemical  threats,  simulated  nuclear  flash,  and  laser  irradiation. 
During  1990,  Phase  II  candidate  transparency  material  systems,  hardened  to  protect  the  aircrew, 
were  subjected  to  the  following  tes^aluation:  quantifying  the  energy  passed  through  the 
laminate  during  simulated  thermal  flash  exposure;  quantifying  changes  in  qitical  density  during 
laser  irradiation;  and  evaluating  durability  of  abruion  resisunt  overcoats  in  a  simulated  nuclear 
dust  environment  During  1992-93,  Phase  Ill  coupon-type  specimens  which  incorporate  a  laser 
resistant  face  ply  were  procured,  exposed  to  four  equivalent  years  of  accelerated  weathering 
(UV/inoistore/cleaning),  and  then  subjected  to  tests  to  evaluate  coating  durability. 
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PHASE  I:  PROTIBCnON  OF  THE  MATERIAL  SYSTEM 


Coupon*type  tpecimeni  were  molded  and/or  machined  from  the  two  laminated 
material  syttema  shown  in  Figure  1. 

Three  leplicatea,  each  1-1/2"  x  1-1/2"  x  t,  of  each  material  system  were  exposed  to 
three  agents:  thickened  soman  CTOD),  thickened  mustard  gas  (THD),  and  agent  VX.  Haze 
and  transmittance  measurements  were  made  before  and  after  exposure:  testing  being 
conducted  by  Battelle-Columbus  Division.  All  three  laminates  tested;  ue^  coated  glass 
faced,  coated  OAC-590  faced,  and  uncoated  GAC-590  faced,  performed  satisfactorily;  all 
three  being  relatively  inqiervious  to  the  chemical  agents. 

Three  replicates,  each  2"  x  2"  x  t,  of  each  material  system  were  exposed  to  laser 
irradiation  at  the  Laser  Hardened  Materials  Evaluation  Labomtory  (LHMEL),  Wright- 
Patterson  Air  Fence  Base.  Samples  were  subjected  to  different  power  levels  and  times 
using  a  continuous  wave  (CW)  carbon  dioxide  (COjjiaser  having  a  flat-top  beam  profile  to 
determine  the  severity  of  resultant  frosting.  Test  results  are  presented  in  Table  1.  Note  that 
one  coated  glass  faced  sample  was  tested  again  at  the  1995  power  level  threat  and  passed. 

Three  rqilicates,  each  4”  x  4-1/2"  x  t,  of  each  material  system  were  exposed  to  heat 
flux  to  simulate  nucleai  flash.  These  tests  were  conducted  at  the  Tri-Service  Thermal 
Radiation  Test  Facility  esttUished  by  the  Defense  Nuclear  Agency  at  Wright-Patterson 
AFB.  A  flux  level  of  55  cal/ci^-ttec  for  a  duration  of  3  seconds  was  used.  Aerodynamic 
flow  over  the  qiecimens  cone^wnded  to  a  Mach  number  of  0.6.  Visual  inspection  after 
exposure  {nroved  adequate  U)  subjectively  determine  comparative  material  degradation 
and/or  paWfail  criteria.  The  laminates  having  a  coated  GAC-590  face  ply  exhibited  sinular 
behavior  to  die  laminates  with  uncoated  GAC-590  face  plies.  Near  the  end  of  one  three- 
second  exposure  of  55  cal/cm^-sec,  each  experienced  bubbling  and  pitting  on  the  surface, 
locally  turning  milky-white.  There  did  not  appear  to  be  any  visible  degradation  during  ^ 
first  one  or  two  seconds  of  exposure.  The  coated  glass-fac^  laminate  did  not  experience 
any  change  in  visibility  after  three  three-second  exposures.  However,  there  were  resulting 
areas  of  internal  delaniinadon  and  tome  cracking  upon  cooldown,  possibly  caused  by 
interference  fit  expansion  within  the  test  fixture. 

PHASE  n:  PROTECTION  TO  THE  AIRCREW 

The  test  qtecimen  ctoss-sectiont  shown  in  Figure  2  were  subjected  to  flux  levels  of 
and  40  cal/cm^  using  a  one-second  rectangular  pulse  to  simulate  nuclear  flash. 
Calo.imeter  measurements  were  made  to  determine  the  heat  energy  passing  through  the 
material  during  exposure. 

Visibility  wu  maintained  after  multiple  exposures  for  all  specimens  tested. 
A,;|)roxinu^y  5  cal/em^  and  10  cai/cm^  paued  through  the  "B"  samples  when  exposed  to 
«0  «d/cnr  aM  40  cal/cm^,  respectively.  Approximately  0.5  cal/cm^  and  1.0  cal/cm^ 
niMed  throu^  the  "A"  samples  when  exposed  to  20  cal/cm^  and  40  cal/cm^,  respectively. 
All  the  visible  llfdit  ^’paared  to  pass  through  both  configurations. 


95 


/  ■ 


<• 


Tests  were  conducted  to  evaluate  the  changes  in  optical  density  of  candidate 
transparency  material  samples  during  laser  irradiation.  These  tests  were  conducted  in  the 
Optical  Lai^tories  of  the  Applied  Physics  Division  at  UDRL  The  test  samples  were 
exposed  to  two  wavelengths  in  the  infrared  region  (10.6  pm  and  1.06  pm)  and  one 
wavelength  (0.53  pm)  in  the  visible  range.  The  test  .samples  absorbed  the  light  in  the 
irtirared  region  instead  of  switching.  This  is  in  agreement  with  the  thermal  flash  test 
results;  sirrtilar  specimens  blocking  the  heat  energy  passing  through  the  material  during 
exposure.  All  samples  failed  to  attenuate  the  beam  when  exposed  in  the  visible  ^tecaum. 

Tests  to  evaluate  the  durability  of  protective  exterior  coatings  in  a  nuclear  dust 
environment  were  conducted  in  tire  DNA  Dust  Erosion  Facility  located  at  PDA 
Engineering.  Santa  Ana,  CA.  The  test  specimens  consisted  of  flat  2x2'inch  tempered  glass 
substrates  in  three  different  configurations  as  follows; 

1.  Chem-strengthened  glass  with  ITO  coating  outboard  and  with  an  antimony->tin 
oxide  coating  over  the  ITO  (identified  as  Sample  C). 

Z  Cherrvstrengthened  glass  with  ITO  coating  outboard  and  an  elastomeric  liner  over 
the  no  Odentified  as  Sample  D). 

3.  Thermally  tempered  glass  with  laser-reflective  coating  and  an  eiutomerie  liner  on 
the  outer  surface  (i^tified  as  Sample  E). 


The  transmittance  and  haze  measurements  were  sensitive  to  erosion  damage. 
Although  the  luminous  transmittance  dropped  by  only  a  few  percent,  the  haze  increares  in 
most  cases  were  significant  Post-test  haze  measurements  are  summuized  graphically  in 
Rgure  3  in  terms  of  a  bar  chart  Each  bar  represents  the  mean  value  of  two  i^ntical 
samples  tested  at  each  condition.  The  samples  are  identified  u  C  D.  and  E.  As  shown  in 
the  figure,  damage  increased  with  velocity  and  dust  loading.  Case  1  was  the  low  velocity 
case  and  resulted  in  the  least  damage  with  haze  levels  of  less  than  10%  for  all  materials. 
As  velocity  wu  increased  to  700  fps  with  a  reduced  dust  load  in  Case  Z  the  haze  levels 
increased.  Maximum  damage  occurred  in  Case  3  with  the  higher  velocity  and  dust  loaii 
For  Case  3,  haze  values  ranged  from  approximately  19%  to  50%.  At  shown  in  Bgure  3, 
the  samples  with  an  elastomeric  liner  on  the  outer  surface  (i.e.,  D  and  E)  experienced 
significantly  less  optical  degradation  than  the  samples  witii  the  hard  (AIQ)  overcoat 

PHASE  ni:  COATING  DURABILITY 

Coupon-type  specimens  were  procured  in  accordance  with  the  cross-section  shown 
in  Hgure  4.  Face  ply  materials  consisted  of  ITO  coated  diem-tempered  glass  and  EOll 
coated  high  temperature  polycarbonate. 

The  qiecimens  were  mounted  on  racks  and  placed  in  QUV  machines.  The  QUV 
exposure  eorutisted  of  alternating  cycles  of  8  hours  of  UV  exposure  U  degrees  Celsius 
(158*F)  using  UVA-340  bulbs,  followed  by  4  hours  of  dark^ndenution  at  50  degrees 
Celsius  (122*F).  Two  weeks  of  exposure  (336  hours)  in  die  QUV  simulates  one  yev  of 
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nitunl  weathering.  The  specimens  will  be  exposed  for  a  total  of  8  weeks  (4  equivalent 
years).  Routing  cleaning  was  simulated  by  wiping  the  surface  of  the  specimens  SO  times 
with  a  SO/SO  mixture  of  isopropyl  alcohol  every  other  day  (after  48  hoius  of  artificial 
weathering),  using  a  Ximwipe  p^)er  towel. 

After  exposure  to  four  equivalent  years  of  accelerated  weathering,  the  j9)ecimen3 
will  be  tested  to  substantiate  (a)  durability  of  the  face  ply  coating,  and  (b)  structural 
integrity  the  face  ply  to  structural  ply  bond.  Figure  5  presents  the  proposed  test  matrix. 
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TABLE  ! 

TEST  RESULTS  *  PHASE  I 


CHEMICAL/810LOGICAL 

Coated  Glass  Paiis 

GAC-590  Pass 


THERMAL  FLASH 

Coated  Glass  Pass 

GAC-590  Pass  i  2  sec 

Fail  3  sec 


LASER 

Coated  Glass 

OAC-590 


Pass  at  S,  7J,  dt  10  sec 
Pass  at  7  see  (1995  goal) 
Pass  at  5  sec  (minor  craze> 
Fail  at  7.5  sec 


\ 


GAC-590  (OUTBOARD  PLY) 
COATED  (OPTICS  II)  AND  UNCOATED 


MIL-P-«3310  POLYCARBONATE 

MIL-P-5425  ACRYUC 
INTERLAYER 


Hfure  1.  QoM-Eectiont  of  Phase  I  Tfanspaient  Laminates  for  Evaluation  of  Material 
Degradation 
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PHOTOCHROMIC 


INTERLAYER 


SPECIMEN  -A* 


SPECIMEN  "B* 


Fifufel  CreM-S«cttoi»ofHiuenH*«k«edTY«n«p««wLainliittMfcrM 

Aifcrew  Proteciioii 
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■  Casel  (350  tps.  0.05  9'cm2) 

■  Cast  2  (700  tps.  0.02g/cm2} 
B  Casa  3  (700  tps,  0.05  g/cm2) 


E  D 

Sampit  10 


Figurta.  Poat-Tatl  Httt;  NudMT  Duft 


Rfure  4.  Qou-^«ctk«  of  Phue  m  Hwtened  Tnnsparem  LamifMies  fcr  Evahiatiofi  of 

Giodni  Durability 


loa 


Test 

Parameter 

Specimen  Geometry 

No.  Required 

Rain  Erosion 

Coating  Durability 

I9BESBIHHI 

6 

Chemical/Stress  Craze 

Coating  Durability 

ibssehbhi 

15 

Abrasion 

Ekcttteal  Resistivity 

C-Mting  DurabsUty  ■ 

4*'X4- jct, 

3 

Tape  Scribe  Peel 

Coating  Adhesion 

BEE9BBHHHI 

3 

Flatwise  Tension 

Haze  &  Transmittance 

Delamination 

mam 

5 

Laser  Inadiance  0 
LHMEL 

Coating  Durability/ 
Perfonmance 

bb^h 

6 

1  Total  Specimens  Required 

38 

ngurel  Tot  Misrix  for  Evaluation  of  CoAdng  Durability 
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ABRASION  RESISTANT  CANOPY  (ARC)  MATERIALS  EVALUATION  PROJECT 


SUvttt  D.  W*b«t«r 
B«U  Htlieoptor  I’extroa,  Ine. 
liXV;orth,TX 


PetMT  0.  OtthaMf  Kri«t^.  AkxuMisr 

ARL  •  Material*  Dirwtorate  WL/FI VR 

Watertown,  MA  Wright*PatterMnAFB,OH 


Abatract 

A  Tri*Mnrie*  te*t  program  (U.S.  Army,  Air  Pore*,  Marina*)  wa*  eonducted 
to  ovaluate  iweaet  teehnology  d*v*lopm*nt*  in  *er*tch  r*«i*tant  coating*  for 
halieopter  tran*par«nei**.  EUidtt  ooatiag*  wor*  ovaluated  for  application  to 
polycarbonate  and  •tiwtehad  acrylic  flat  panel  coupon*.  Two  matallic  coating*, 
ITO  and  gold,  w«r*  al*o  ovaluated  in  eoaiunction  with  th*  abraoion  rooiatant 
eoatinga.  A  **rla*  of  mochankal,  onvirenmontal,  and  optical  coupon  te«t*  woro 
conducted  on  tho  coated  and  uncoated  baaolino  configuration*.  Mechanical 
teating  included  thr**>point  flozur*  and  tenail*  proporti**.  Environmental 
tooting  included  fluid  aoak,  humidity  conditioning,  aand  and  duat,  and 
weatheromoter.  Optical  teating  included  Bayer  abnaion,  haao,  and  light 
tranamittance. 

Two  of  tho  more  promiaing  coatings  were  incorporated  in  a  flight  test 
evaluattea  at  Naval  Weapons  Center,  China  Lake,  CA.  Th*  forward  right 
guanar’s  windows  on  two  AH4W  SupetCobra  gunships  were  modified  with  th* 
seratdi  rsalstaat  coatiaf,  Rasalte  to  date  show  eaeelleat  scratch  reaistanc*  and 
durability. 


L  INTROOUenON 

la  th*  U.S.  military  operational  environment,  miaaion  roadinees  ia  predicated  on  a 
system*  or  subsystems  ability  to  perferm  its  ftinctien  when  required.  Operation  Deeart  Storm 
hlu  shown  that  the  modem  battlefield  of  10  years  ago  is  no  longer  th*  dominant  operational 
environment  Th*  conditioas  of  Southwest  A^  create  a  sever*  and  erooiv*  environment  that 
is  detrimental  to  both  our  weapon  systems  and  their  mission  readineea.  This  harsh 
snvlrenmentispartieolarly  detrimental  to  aerylis  and  polycarbonate  transparencies. 

Ths  oblsetiv*  of  this  effort  is  to  svaluato  and  demonstrate  recent  technology 
developments  ia  abrasion  resistant  coatings  and  their  aiqUicability  to  helicopter 
transparoneiee.  Th*  goals  aasodatod  with  this  program  are  to  show  an  increase  in  compomint 
Ufb  through  an  increase  ia  scratdi  resistoac*,  improved  chemical  reeistanc*  and  little  or  no 
optical  degradatieo  over  time. 

This  report  summarises  some  of  th*  initial  coupon  testing,  produdbility,  and  cost 
analysis  contributiag  to  the  ibbiication  of  two  scratch  reeistaat  ferwi^  right  gunner  canopies 
and  subsequent  flight  trsdag  on  two  AH>1W  BuperCobras  etatieoed  ia  a  desert  environuMnt 
Th*  flight  test  evaluattea  has  not  yet  been  cempletad  Final  approval  and  aeceptanceMth* 
two  prototype  canopy  ceofigurattens  is  to  be  made  on  the  basis  of  flight  test  peribrmance,  on 
evaluattea  of  th*  ia'Servtee  effects  with  the  maintenance  crews  and  long  term  optical 
propertteSi 
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L  DISCUSSION 

During  OpAration  OcMrt  Stom,  •  MriM  of  logiatie  aupport  aetivitiM  wart  initiated  by 
tha  dafanaa  contractor  induatry.  Tha  impatua  for  thla  activity  waa  baaad  upon  ^blnu  that 
bacama  apparant  baeauaa  of  tha  aroaiva  daaert  anvironmant  Ona  problam  that  a^factad  both 
land  and  ahr  vehiclaa  waa  tha  hi{^  demand  for  plaatic  tranaparaitey  raplacainanta.  During  thia 
ti?na,  tha  four  mitjor  auppUera  of  military  canopiaa,  PPO,  PiUcington,  Siarraein,  and  Tazatar, 
ware  aetiva  in  tha  davalopmant  and  application  of  aroaion  raaiatent  coetinga.  Indapandantly, 
each  manufaeturar  auppliad  tha  U.3.  Qovamtaant  aithar  jat  fighter  or  halicoptw 
tranaparandaa  with  tha  alnaaiun  raaiatent  coatinga.  Unfortunately,  tha  U.S.  Oovammant 
aparaa  procuramant  pipeline  combined  with  tha  war  aflbrt  did  not  readily  allow  for  technical 
monitoring  of  tha  modified  componante.  Baeauaa  of  thia  aituation,  there  la  no  technical  data 
that  would  ahow  eompariaon  of  tha  modified  windaeraana  to  tha  unooatad  ayatema.  Thia 
realisation  motivated  tha  davalopmant  of  a  tri*sarvica  program,  Jointly  ftindad  by  tha  Army, 
Marina  Corpa,  and  Air  Fores,  under  contract  with  BaU  Helicopter  Textron  Inc.,  to  teat  a^ 
evaluate  the  most  promiaing  n/t  thaaa  materiola.  This  program  documents  from  coupon  level 
through  flight  test  tha  application  of  abrasion  rasiataat  coatings  on  holioopter  transparency 
pUaties. 

2,1  Tri'Ssrvioao  Organisation 

In  mdar  to  comply  with  the  noada  of  each  military  sarvics,  tha  program  was  astablishad 
with  tha  following  emphasis: 

htSi,  Marinas 

Analysis  •PlodtwtbiUty,  Cost  Plight  Test  •  AH«lW8upotCobra  ~ 

forthsOH*68D  POCUCoL  John  Boyd,  PMA  276 

POCPateDahmar.ARL  Washington,  DC 

Watertown,  MA 

Air  Foret 

Flight  Tost  Data  (Light  Transmission  and  Haas  vs.  Timo) 

POC  Kristen  Alsxandsr,  WPAFP  Onyten  OH 
POC  ^pt  Stephen  Hargis,  MeClallan  AFB,  CA 

Prior  to  tha  issuanes  of  this  program  and  in  support  of  Oparation  Desert  Storm,  tha  U.S. 
Army  modified  18  OH-68D  helicopters  with  an  rro  eenductiva  ooatiag  protected  on  both  aides 
wHh  PUkingten  Aatospaea  Inc.  S86690  hard  coat  It  was  daddad  that  because  this  hardware 
was  in  aetiva  sarvies,  tbs  Anny  interaat  (br  this  program  would  bo  placed  in  coat  and 
prododbility.  Figure  1  shows  the  modified  OH«68D  with  the  hard  ecat/ITOwindsereans. 

The  U.S.  Marinas,  with  two  AH*1W  SuparCcbras  stationed  at  tha  NWC,  (%iaa  Lake 
Dsaart,  would  be  ideal  for  aecomidiohiag  daosrt  sand  savircnmantal  testiaf  aioag  with 
introdudng  the  pilot  and  maintenance  steff  to  the  abrasion  rsiislant  eoatinf  technology. 
Figure  8  shows  the  AH«1W  SupsrCobra. 

The  U.S.  Ait  Fores  Windshisld  SystenM  Program  Office,  WPAPB,  Dayton,  OH,  and  U.S. 
Air  Force  Advanced  Compocitos  Progiw  Office,  MoClollan  AFB,  CA,  efbrsd  the  dsdieated 
transparency  engiaserinf  staff  along  with  ^  ability  to  dsteredno  Indisld  optical 
maasuramants  as  a  fiinetion  of  time. 
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Material  Salactioa 


312.1  AbraaioaRaaiateBt  Coating 

Tht  abrasion  resistant  coating  material  saieetion  was  based  upon  a  raviaw  of  recent 
technology  developments  (Ref.  1)  and  interviews  with  the  four  major  material  transparency 
contractors.  Table  1  outlines  the  coating  choices  and  their  applicability  to  base  material  of 
stretch  aerylie  and  polycarbonate. 


Table  1.  Abrasion  Resistant  Coating  Materials 


Vendor 

Coating 

Typt 

Applicability 

Metallic 

Stretched 

Acrylic 

Pplycarboaate 

ITO 

Gold 

Pilklngton 

Hard  Coat 

SS6590 

Yes 

Yes 

X 

X 

Pilkingtoa 

Soft  Liner 

SS6831 

Yes 

Yes 

X 

X 

Sierradn 

Hard  Coat 

FX174 

Yes 

Yes 

X 

X 

Sierradn 

Hard  Coat 

S238 

Yes 

Yes 

X 

wm 

Sierradn 

Soft  Liner 

S239 

Yee 

Yes 

X 

n 

Texstar 

Hard  Coat 

C678 

No<t) 

Yes 

— 

— 

Texstar  " 

Soft  Coat 

C66flr  " 

Yes 

Yes 

X 

X 

PPQ 

Soft  Liner 

5300 

No«> 

Yes 

N/AO> 

N/A 

Notes: 

CD  At  time  of  submittal,  Texstar  HC  C4M  was  applicable  to  polyearfaoaate  only; 

reeeat  developmente(submittal  show  eapddlity  to  SA. 

(2)  At  tioM  of  submittal,  PPG  5300  was  applicable  to  polycarbonate  only;  reeeat 
developmeata/submittal  show  capability  to  SA. 

(3)  Did  aot  have  metallic  deposition  compatibility  with  the  5300  liner  at  time  of 
coupon  submittal.  PPQ  anticipates  polyearbonate/linw/lTO  capability  late 
fklll993. 

SJ.S  Stretebed  AeryUo  * 

Bim  predominately  uses  stretched  acrylic  for  the  forward  aad  side  traasparencies  of 
the  OH-58D  Kiowa  Warrior  and  the  AH-IW  SupeiCobra.  The  benetlte  of  stretched  acrylic  over 
unstretehed  are  an  iacreese  in  resistance  to  erasing,  higher  impact  strength,  and  improved 
resistance  to  crack  prapagation.  The  dlaadvaategoe  are  redactions  in  abrasion  resistance  and 
tensile  and  shear  strengths. 
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tJLS  Polyearboaata 


Th«  UM  of  trtntparont  polycarbonate  on  retorerail  at  BHTI  it  limited.  The  primary 
benallta  of  polycarbonate  over  acrylic  are  impact  strength  and  thermal  resistance. 
Defldeneiee  are  poor  chemical  reaiatance,  crazing,  poor  scratch  resistance,  and  diilleulty  in 
repairing  torface  neratches.  The  overhead  skylight  bubble  for  the  OH-580  is  made  from 
polycarbonate  because  of  the  potential  for  impact  damage  due  to  debris  from  rotor  do  wnwash. 

24  PredudbiUty  Aseeaemmit 

Many  criteria  must  be  considered  in  choosing  the  best  coating  or  combination  of 
coatings,  including  abrasion  rosistaneo,  optical  qualities,  wsathsring,  ballistics,  and  cost  It  is 
also  naeosssry  to  ovaluato  the  techniques  used  to  apply  the  coatings  to  detsrtnins  the 
produdbility,  rupairiJiiUty,  and  flold  application  aspscta  ot  each  system. 

It  is  hslpftil  to  reeegniM  the  frindairontal  distinetion  between  liners  and  coatings  before 
evaluating  the  techniquee  used  in  their  eppiieatinn.  For  this  program,  coatings  are  relatively 
thin  materiale  applied  to  the  traneperency  substrata.  They  era  typically  less  than  about  0.003 
inch  thick.  Liners  are  thicker  than  coatings  end  srs  usually  greater  than  0.010  inch  thick. 
Coatings  and  linsra  may  be  either  hard  or  soft  materials.  All  coatings  and  liners  may  be 
applied  to  either  of  the  two  typee  of  traneperency  aubctrates,  acrylic  or  polycarbonate. 

24.1  AppUeadoa  Methods 

The  iMopiietary  nature  of  luatariala  applied  aa  coatings  end  liners  as  well  as  the 
equipment  involved  results  In  methods  of  application  spoeifie  to  each  system.  It  is  therefore 
-  -  diffl^t  to  prerids  an  accurate  deeeripti/'n  of  each  application  technique.  Thie  is  especially 
trot  of  the  complex  vacuum  coating  matbeda,  avaporatioa  and  sputtering,  that  are  used  to 
impart  conductivity  to  the  plastie  subsuratas. 

Typically,  in  the  coating  proceoo,  a  coupon  Is  often  coated  slong  with  a  helicopter 
tranaparracy  using  same  jnoeesaea  and  ma'tariala.  The  coupon  ia  tested  for  solvent 
resistones,  han,  ahraeion  resistance,  or  other  properties  important  for  the  specific  application. 
In  addition  to  'dsual  intpsctien,  the  bolieopter  tranaparoncy  itaalf  is  often  suhisct^  to  other 
nendestruetin,  teste  sudi  sa  light  transmittance.  Those  inspection  techniques  ere  important 
in  maintaining  quality  eeatings  and  liners. 

24.1.1  Flosr/DlpCoatlBf 

Plowing  and  dipping  art  the  simplest  methods  of  applying  euatingB  to  transparencies 
and  have  been  usad  for  over  20  ysara.  Both  are  usually  parftrmad  on  transparondos  which 
have  alroady  basn  fcnaed  and  both  require  that  a  primar  bs  applied  to  the  trsnsparoney  before 
applying  tha  coating  in  ordar  to  onhasM  bondability .  Tha  primars  art  usually  applied  by  flow 
met^  end  sometimes  require  a  thermal  curs.  Both  Uehniquos  are  best  performed  in  n  clean 
room,  preferably  with  humidity  and  tomparature  control.  Flowing  involvoa  hanging  or 
otherwise  alfbdng  the  trmnspsreoey  in  a  vertical  pocition  and  applying  the  liquid  resin  at  the 
top  of  tha  part  It  ia  usually  aeeompliahad  using  a  hoes  with  tho  liquid  costing  material  under 
a  small  amount  of  pressure.  The  liquid  material  flows  down  from  the  top  of  the  part  and  costa 
tho  entire  surfkce  evenly.  Dipping  is  aeeempllshsd  by  immsrsing  the  transparency  into  a 
oontainer  of  tha  liquid  material.  The  part  Is  than  lifM  out  of  the  container  and  tha  oxcota 
liquid  runs  off  as  with  tha  flow  mathed.  Tha  pot  lift  of  tho  matarials  varies  from  about  two 
heart  for  soft  eoatinga  to  aoveral  wooka  fbr  hard  coatings.  Following  application,  both  methods 
usually  raqulre  cure  at  elevated  temperature,  although  some  coatings  curs  1^  exposure  to 
ultraviolet  light 


MbSt  coating  syttanu  art  ona>part  and  raquira  only  thannal  axposura  to  sat  op.  An 
axeaption  is  tha  urathanas,  which  ara  usually  two«pati.  ‘Hia  long  pot  lifa  of  tha  rosins  aftar 
application  alIo¥n  for  any  dafoets  to  ba  aasily  eorraetad  by  wiping  ^  all  or  soma  of  tha  uiteurad 
coating  and  ra*applying  as  nauataary.  Dafacts  ineluda  straaiidng  or  amboddud  dust  partielaa. 
Both  mathods  typie^ly  ptoduea  coatings  of  good  visual  quality. 

Tha  flow  and  dip  coating  tachniquas  ara  uaad  to  apply  hard  and  soft  coatings.  Tha  hard 
coating  materials  ineluda  silicone,  acrylic,  and  malamina  while  soft  coatings  are  usually 
urethane.  Tha  dip  method  requires  a  great  deal  of  material  and  ifo  use  is  limited  by  tha  sisa 
tha  container.  Flow  coating  may  ba  used  if  only  one  surface  ^tha  transparency  is  to  ba  coated; 
however,  dip  coating  is  limited  to  parts  vhich  ara  to  ba  coated  on  both  sides. 

1LS.L2  tauninating 

Laminatin;  Unars  onto  transparandas  is  a  mora  complsx  pcoeass  than  tha  flow  and  dip 
methods  discussed  above.  A  proprietary  primer  is  usually  appliad  to  tha  unflMnnad 
transparency  and  cured  if  required.  A  cur^  extruded  tbarmoplastie  liner  is  applied  to  tha 
transpareoey  and  tha  two  are  formed  together.  The  forming  ensures  foil  cure  of  tha  primer. 
Since  the  liners  ara  thermoplastic,  they  are  not  unduly  afibetad  by  tha  high  tamparaturas  or 
change  in  geometry  caused  by  formit^c. 

Although  it  is  still  a  relatively  new  process,  it  is  generally  aceaptad  that  laminatii^  has 
a  hi^iar  potential  for  problanm  than  flow/dip  methods.  Once  tha  liner  Is  bonded  to  tha 
substrata,  there  is  no  opportunity  to  correct  dafacts,  iHdeh  ineluda  inbaddad  particles  and  air 
poduts  between  tha  Ifow  and  substrata.  Tha  only  option  would  be  to  remove  tha  liner,  if 
-^  possible,  and  reapply  a  new  one  (see  Repair  section  below).  — - - 

XS.L8  Casting 

like  laminating,  casting  is  used  to  apply  liners  to  transparsDcies.  A  primar  is  usually 
appliad  to  tha  unformed  transparency  and  eur^  if  required.  The  transparency  is  then  ^aeed 
in  the  casting  tool.  The  uneured,  liquid,  the«aiopIastie  liner  material  is  poured  into  a  cavity 
between  the  substrate  and  anot^  material  (usuelly  glass).  Tha  east  liner  is  then  cored 
thermally.  After  coring,  the  part  is  fimned  as  required. 

The  easting  process  is  compUeated  and  particularly  susceptible  to  contamination. 
Embedded  particles  or  abnormalities  in  optical  properties  cannot  be  corrected  after  a  liner  is 
cast  short  of  removing  and  replacing  as  described  below  in  tile  Repair  section. 

&JJ  MetalUe  Coating 

As  the  interest  in  EMI,  RF,  and  BSD  protection  centinoes  to  increase,  tiie  use  of 
metallic  coatings  on  transparencies  will  be  a  primary  eonsideraton.  The  two  mataUie  coatings 
eomriderod  for  this  program  were  ITO  and  gold.  The  conductivity  range  for  the  toot  eoupmis 
was  hold  between  20  and  SO  ohms  per  square. 

SJLS.1  Vamram  Sputtering 

The  vacuum  sputtering  techakpio  is  uaad  to  apply  motalUe  coatings  to  traaqMrencios. 
A  prisoor  is  ap^ied  to  the  oobotrate  material.  THo  fonnod  transparenqr  is  then  {daeed  in  a 
vasnum  chandler  and  the  air  is  evacuated.  The  pressure  and  chemical  eompooition  of  the 
psses  inside  the  chamber  are  cloeely  controlled  during  tha  coating  process.  AhMvyinertg^, 
usually  argon,  is  iniected  Into  the  chamber  in  order  to  provMo  o  eeureo  of  poeitivoly  choi-god 
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ions.  A  esthodo  targot  eumpoMd  of  tho  matorisi  which  will  ba  depositad  onto  tha  transparaney 
is  ettaehad  to  aithar  a  robotic  arm  applicator  or  a  stationary  fixtura.  Tha  transparency  is 
located  between  tha  target  and  an  earthed  anode.  Application  of  voltage  causes  positively 
charged  ions  in  the  chamber  to  be  attracted  to  the  target,  thereby  dislodging  atoms  of  the 
target  material  The  discharged  atoms  are  forced  against  and  bo^ed  to  the  transparency. 
When  reactive  materials  are  being  sputtered,  a  reactive  gas,  usually  oxygen,  is  iryeeted  into 
the  chamber  along  with  the  argon.  The  reactive  gas  will  beMme  a  component  of  the  coating 
(see  ngure  3).  If  a  robotic  arm  is  used,  the  coordinates  of  the  traiuparency  are  entered  into  the 
computer  so  that  the  arm  moves  above  the  surface  of  the  pert  so  as  to  apply  an  evt  i  coating. 
Use  of  a  stationary  fixture  for  the  target  requires  that  the  part  be  rotat^  inside  the  chamber 
in  such  a  way  that  the  eoatiag  U  applied  uniibrmly.  Usually,  tooling  requirements  are 
minimal;  all  t^t  is  needed  is  a  fixture  to  hold  the  part  Obviously,  the  chamber  must  be  large 
enoo^to  aeconuBodate  the  transparency. 
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ngursS.  Applying  Metallic  Coatings  by  Vacuum  Sputtering 


Since  vacuum  sputtering  typically  usee  does  parameter  controls,  it  is  a  very 
reproducible  process.  It  produces  uniform  coatinpofexeellent  optical  quality.  Defects  include 
embedded  pattlclee  and  dabonding  of  tho  coating  from  the  tnuuparency.  The  only  way  to 
eorreet  dafbets  iaeurred  during  application  is  to  strip  the  entire  ooatiag  and  reapply.  The 
proeoes  is  time  eonsuming  bsMuse  material  is  fore^  against  the  substrate  one  atom  or 
moleeuleatatime. 


Any  metallic  material  may  be  applied  using  the  vacuum  sputtering  procesa.  However, 
vacuum  sputtering  is  the  only  suitable  technique  for  applying  reactive  coatings  ouch  as 
indium  tin  oxide. 

SJJJ  Ivapemtion 

Lika  the  sputtering  technique  doocribed  abeve,  evapmration  is  used  to  apply  metallic 
coatingB  to  formed  transparencies.  A  primer  is  applied  to  the  part  The  part  is  placed  in  a 
vacuum  ehambm  and  the  air  is  evacuated.  Hm  coating  material  in  filament  form  is  heated  to 
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•  suflieiMtly  hi^  tompantur*  m  that  its  vapor  praaaura  ia  highar  than  tha  pranura  in  tha 
varaura  nonlea.  Tha  coating  matan : .  ia  than  dap^tac!  upon  tha  part  Tha  part  ia  atati«iary 
and  tha  noxilaa  art  fiaad  at  appropriata  loeationa  to  aa  to  ^vMa  avan  diatribction  of  tha 
coating  matarial.  Tha  vacuum  chambar  must  ba  largo  anough  to  aceammodata  tha  part  Tha 
avaporation  procau  ia  much  faatar  than  aputtaring.  Tha  campinity  oi  raaetiva  ovaporation 
typically  praeludae  it  from  baing  uaad  to  apply  raaetiva  coatiaga.  Tharafora»  avaporation  ia 
urially  to  apply  only  nonraactive  stingo,  f  ucb  aa  gold  or  ailvar.  Evaporation  produt»t 

coating  of  good  quality,  although  not  aa  uniform  in  thicknaaa  or  optical  prepartiaa  aa  thoaa 
appUad  by  aputtarir;;.  Embaddad  particlaa  and  dabondad  araaa  art  typical  dafaeta.  Aa  «i^ 
vacuum  aputtaring,  dafaeta  can  only  ba  eorraetad  by  atripping  tha  aatira  footing  and 
raapplying. 

SJ,3  Rapair 

Tha  rapairability  of  a  coating  ayatam  graatly  ^nhaccaa  ita  wwth.  Inability  to  r^wir  a 
ralativaly  minor  dafaet  in  a  coating  may  raoult  in  aeropj^in^  tha  antira  timnaparaney,  thmaby 
ineraaaing  eoata  aa  wall  aa  affaeting  tha  reodlnaaa  of  tha  aircraft  The  rapairability  of  a 
coating/linar  syatam  should  ba  eonaidarad  in  light  of  ita  ineraaaad  ratiatanca  to  damage.  For 
axamplo,  rapairabiUty  may  not  ba  ea  important  for  a  ayatam  which  hat  ralativaly  high  impa«t 
and  abraaion  raaiat&nca  baMuaa  it  ia  leaa  likaly  to  auataln  damsga.  Tha  way  in  vdiish  eoatingi 
and  linars  ara  combinad  should  alao  ba  conaidarad.  Inability  of  a  matalUa  coating  to  bo 
rtpairod  in  tha  field  may  ba  lata  important  if  it  ia  eovarad  by  a  hard  coating,  aa  ia  often  the 
caaa.  Thia  aaetion  addraaaaa  tha  "ahop”  repair  aapaeta  of  each  eoatlng  or  liner  ayatam  aa  wall  aa 
ita  fiald  rapair  potesitiaL 

In  ordar  to  rapair  a  coating  or  linor  ayatam,  it  ia  uaually  naeaaaary  to  ramova  aoma  or  all 
nftha  matarial  from  the  tranaparaney.  Aa  with  ^ai^ilcatienanathodadaicttbad  above,  this 
ia  uaually  acoompliakad  with  proprietary  matariala  a^  proeaaaaa  apadfie  to  each  eoati^  or 
liner  ayatam. 

a.a.8.1  Flow/Dip  Coatings 

Tha  field  rapair  of  eoatlnga  applied  with  flow  and  dip  mathada  ia  gaoandly  limited  to 
areas  ^diare  optica  ara  not  critical  (la.,  tha  adgaa).  Whan  raquirod,  a  scratch  can  ba  poUahad 
down  ao  that  it  is  no  longar  visible.  Mara  coating  natorial  is  dionappUad  to  tha  damaged  area 
and  cored  tharskaily  with  a  heat  gun  or  portable  ultravtolat  light  Tha  dalotorious  afibet  ot 
aodi  repair  proeaduraa  on  tho  optical  propartiaa  of  tha  tranaparaney  makaa  rapain  away  from 
the  adgaa  untenable. 

It  ia  poaaibla  to  rapair  a  flowed  or  dipped  coating  ia  a  chop  anviroumant  no  matter  where 
tha  damage  ia  loeatod  on  tha  part  The  praoaaabagina  with  atr^piag  away  tha  antira  ceating 
using  a  propriatary  matarial  apadfie  to  tha  eoatinf  ayatam.  The  agent  la  eapabla^  stripping 
away  the  coating  irithout  damaging  tha  traa^araneyitatlf.  The  tranaparaneyia  than  dsuBad 
and  primed  and  tha  coating  ia  raappliad. 

UJJ  taaiinatod  andCaatliaara 

It  Is  not  poaaUjIa  to  Band  mr  polish  soft  lltMra  in  aedw  to  afftol  topdir  to  ppadfie  araaa, 
dtharinthefialdorinaahopanviroRnMnt  Theaalyoptiiia  fer  timaaaiatMialaisrtiBovalaad 
raplaeanant  of  tha  entire  UW.  However,  tha  urethane  matarial  from  which  moat  linars  ara 
made  is  difilcult  to  atrip  duo  to  ita  feed  ebamicaladharanoa.  la  tha  ease  of  thick  Unara,  it  may 
ba  impoadbla  to  atrip  away  tha  antira  laminate  or  eaatlagfrem  tiia  tranapar  ' ter,  such  ayttoma 
aranotrapairabla. 
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If  th*  limr  can  be  atripped,  the  proprietary  agent  specific  to  the  coating  is  applied  to  the 
part  Following  cleaning  and  priming,  a  preformed  liner  having  the  contour  of  the  actual  part 
ia  fitted  against  the  transparency .  The  liner  is  then  thermally  cured  to  the  part,  using  vacuum 
or  positive  pressure  to  ensure  uniform  bonding.  Great  care  must  be  taken  to  avoid  embedding 
dirt  partieles  and  air  pockets  between  the  liner  and  the  part  Obviously,  this  operation  is  best 
pOTfi)rmed  in  as  clean  an  environment  as  pnesible. 

SJJlS  Sputtwad/EvaperatodMetaUlnCoatiiiga 

The  complex  methods  used  to  apply  metallic  coatings  are  not  conducive  to  field  repair, 
However,  stripping  end  repair  in  a  shop  environment  can  be  and  are  performed  successfully. 
Altar  stripping  with  the  applicable  proprietary  material,  the  transparency  is  cleaned  and 
primed.  T^  metallic  coating  is  fctso  reapplied  to  the  entiw  part  It  is  not  possible  to  repair 
isolated  defects  on  metallic  coatings. 

2.4  Coupon  Teeting 

The  mechanical  and  environmental  coupon  tests  performed  during  this  ^gram  were 
extensive.  A  minimum  of  10  individual  coupon  tests  were  conducted  on  the  eight  abrasion 
resistant  coated  systems  of  stretched  acrylic  and  polycarbonate.  For  brevity,  the  results  from 
four  of  the  coupon  tests  on  stretched  acrylic,  and  the  subsequent  follow<up  test  with  ASTM  735 
Bayer  abrasion,  will  be  presented  in  this  paper.  Figures  4  and  5  sh^  the  unoonditioaed 
ASTM  735  test  results  for  the  hard  and  soft  coated  acrylics. 

2X1  Sand  and  Daat(MlL-8Tl>«10C,ModJfled) 

The  Sand  and  Oust  of  MIIrSTO-SlOC  was  selected  to  induce  sand  abrasion  on  the  ARC 
coatings  because  it  closely  approximates  the  actual  abrasive  desert  conditions  of  southwest 
Asia  si^  other  geographical  areas;  also,  It  presents  a  tailored  program  that  is  controlled  and 
rsprodudblo. 

The  Sand  and  Oust  chamber  utilised  during  the  ARC  program  is  a  Model  SD>27 
eonatruetsd  by  Bemeo  Inc.  of  Pacoima,  CA.  It  has  a  maximum  wi^  velocity  of  1760  cubic  feet 
per  minute.  The  chamber  temperature  is  adiustable  from  room  temperature  to  1607.  The 
huaddlty  is  extractable  to  or  below  22%,  and  the  send  and  dust  dispenser/oontreller  is 
pregranimahle  from  approxiniately  0  to  100%  (100%  equals  approximately  1.6  grams  per  cubic 
Cmt). 

The  ARC  specimens  were  cut  Pinches  X  12  inches  and  the  backs  arid  edges  of  each  were 
protected  with  metal  bedt  tape  prior  to  test  A  section  of  the  coated  specimens  was  also 
protscted  from  the  sand  abrasion  to  provide  testedAintested  visual  comparisons. 

The  specimens  wore  mounted  for  testing  on  a  rack  framework  which  allowed  sand  and 
dust  e^^osure  to  occur  at  a  46-degree  angle  adjacent  to  the  downward  thrust  of  the  medium. 
Tbs  dP-degrse  exposure  an^e  was  selected  to  simulate  the  approximate  angle  of  an  OH-68 

The  speeittisns  wore  rotated  during  the  test  to  allow  equal  impingement  of  the  sand  and 
dust  on  the  test  surlheee. 

The  sand  and  dust  dispenser  was  set  to  maintain  0.9  to  1.1  grams  per  cubic  foot  vt 
abrasivo  media  (MlIr8TD-810C,  140  mesh  Ottawa  Quarts)  during  the  exposure  time.  The 
wind  velocity  was  set  at  1760  cubic  feet  per  minute.  The  temperature  was  controlled  at  180*F 
and  the  buoildity  was  kept  below  22%. 
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Th*  apedintfui  were  impinged  for  300  hours,  (considered  to  be  approximately  equal  to 
3000  5»minuto,  ^-pad  takaofTs/landings;  estimates  derived  from  OH>(i8  sortie  information). 
Position  rotation  was  accomplished  approximately  every  38  hours. 

Following  the  300>hour  expoeure,  the  specimens  were  damasked;  tape  adhesive  was 
removed  with  IPA  (TT*I*736)  and  wash^  with  neutral  soap  and  water,  Visual  observations 
were  made  OMuereing  the  optics,  and  then  all  specimens  were  subjected  to  ASTM  D1003  hate 
and  light  trsnsmisslen  tooting. 

Figures  6  and  7  show  the  reduced  sand  and  dust  data  for  the  hard  and  soft  coated 
stretched  acrylica. 

ftdJ  Aeeelerated  Weathering  Carbon  ARC  (ASTM  Oa3»  Method  1) 

The  accelerated  weathering  was  aecomplished  in  a  triple  earbon>are  lightoxpoeure 
apparatus  (with  water)  in  accordance  with  Method  1  of  ASTM  023.  The  apparatus  utilised  for 
the  test  is  an  Atlas  Electric  Devices  Model  XW  "Weather^meter*  made  in  Chicago,  IL  The 
unit  has  a  24>hour  lig^t  source  with  water  erpoeure  capability  and  is  equipped  with  a  rotating 
spedmea  carousel  that  equallsee  the  light  and  water  impingement  on  the  specimens.  The 
specimen  temperahire  is  adjustable  and  the  exposure  time  is  recorded  by  a  run  timer. 

The  ARC  specimens  were  cut  to  5  inehee  X  9  inches  to  aceommodate  the  optimum 
carouaol  arrangement;  4>inch  X  4>inch  "cutoflb”  retained  ftom  each  specimen  were  utilised  as 
untested  control  comparison  specimens. 

The  ARC  specimens  were  exposed  to  300  hours  on  initial  testing  and  follow>up 
■pecimeos  to  800  hours  of  continuous  triple<are  light  exposure  with  18  minutes  of  water  spray 
at  the  end  of  each  8  hours  of  runtime.  The  spoc^n  temperature  was  controlled  at 
approximately  188*F  during  the  light  expoeure. 

The  ARC  specimens  were  carelhlly  cleaned  with  neutral  soap  and  deionisod  water  at 
the  conclusion  of  the  exposure  tinm,  and  then  subjected  to  ASTM  F736  scratch  testing  to 
detsmdne  the  effects  of  the  aooelerated  weathering  on  the  coatings. 

Aftsr  observations  were  made  and  the  ASTM  F736  data  was  reduced,  the  ARC  coatingB 
were  compared  by  substrate. 

nguree  8  and  9  show  the  AffTM  736  data  fbr  the  stretched  acrylic  accelerated 
weathering  specimens. 

SidJ  Moistnre  Absorption 

The  ARC  moisture  absorption  tooting  was  aecomplished  in  a  humidity  chamber  using 
proeeduree  designated  by  MIL^nihdlOC,  Method  507.1,  Procedure  1.  This  pneedure  outlines 
a  plan  for  10  days  of  cyclic  humidity  expoeure  whemby  the  relative  humidity  remains 
appresimatoly  00%  while  the  temperature  is  varied  from  8S*F  to  149*F  within  8  hours,  is  then 
stabiliasd  for  8  hours  at  K9T,  and  finally  returned  to  86*F  within  18  hours. 

The  ARC  specioMns  were  cut  to  4  inches  X  4  inches,  weighed,  and  dried  in  a  160*F 
chassber  until  a  constant  weight  was  achieved.  All  uncoated  areas  of  the  specimens  were 
mashed  with  metal  basked  tape  and  weighed. 
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Th«  ARC  ■pMimena  w«r«  than  axpotad  to  10  d«3r«  ot  oyelie  humidity  oxpoourt  with 
oboorvations  and  w«i|^t  moMuroraonta  ooeh  day. 

Following  tha  10  days  of  cyclic  humidity  axpoaura,  tha  ARC  apaeimana  wara  aubjaetad  to 
aerateh  taating  in  aeeordanea  with  ASTM  F735  to  datamina  tha  affaeta  of  tha  moiatura 
abaorption  on  tha  ARC  coatinga. 

ARar  obaarvationa  wara  mada  and  tha  ASTM  F735  data  waa  radtiead,  tha  ARC  coatinga 
wara  eomparad  by  aubatrata. 

Piguraa  10  and  11  ahow  tha  ASTM  73S  eyelio  humidity  taat  raaulta  for  hard  and  aoft 
eoatad  atratehad  aeryliea. 

U  CoaiAaalyaia 

Tha  euirant  eonflguratioo  of  tha  annad  0H>680  Kloara  Warrior  haa  polycarbonata  aky 
li^ta  and  acrylic  windahialda,  chin  bubblaa,  and  craw  door  windowa.  Thaaa  wte:  icraana  ara 
aaaily  aeratchad  cauaing  viaibility  problama.  Initial  invaatigationa  at  tha  baginning  of  tha 
ARC  Program  indieatad  that  tha  windacraana  ara  ramovad  and  raplacad  avary  thraa  yaara. 
Thara  ia  aigniAcant  coat  aaaoeiataC  arith  thia  action  ovar  tha  lifa  of  tha  float  (500  aircraft). 

Tha  propoaad  configuration  adda  a  aeratch-raaiatant  coating  to  tha  intarior  and  axtarior 
of  tha  arindiKraano.  Tha  additional  durability  will  ineraaaa  tha  lifa  of  tha  windacraana.  Tha 
pareantaga  ineraaaa  arill  dapand  on  tha  combination  of  hard  ceaWaolt  ceataflinari  that  ara 
ehoaan  to  protact  tha  arindaemna.  Thara  ara  raporta  that  atata  that  tha  eoatad  windacraana  of 
flaldad  aircraft  ara  laating  4  timaa  longar  than  tha  uneoatad  coofigurationa  (Raft.  2  and  3). 
TUa  analyaia  eonaerrativaiy  aaaumaa  that  tha  eoatad  windacraana  arill  laat  3  timaaiongar  than 
tha  currant  configuration,  no  matter  what  combinati  on  of  eoatingaflinart  ara  chcaan. 

An  analyaia  waa  eonductad  to  datarmina  tha  coat  affactivanaoa  of  implamantinf  tha 
propoaad  eonflguratioo  on  tha  Kiowa  Warrior  float  Thaoparatiagaada«pport(OftS)oeotoaar 
tha  lift  of  the  float  araa  aatimatod  for  tha  currant  configuration,  aaanming  tha  ecatad 
windacraana  ara  not  ineorporatod.  Aiao,  tha  oonracurring  coat  to  implamant  tha  propoaad 
change  and  tha  OftS  coat  of  tha  eoatad  windacraan  eonfiguratko  wara  eonaldar^  Tha 
analyaia  abowad  that  tha  incorporation  of  eoatad  windacraana  on  tha  Kiowa  Warrior  float 
arould  aigniflcantly  radoea  tha  Ara/a  048  coat  over  tha  lift  of  tha  program. 

SJ.1  Oporatiaf  ftSupportCoatofCurrantConUfumtlon 

Baaed  upon  tha  initial  aaaumption,  tha  currant  windacraana  will  ba  ramovad  and 
raplaaad  ai«  timaa  over  tha  lift  of  each  airc^ft  (yaara  8,  S,  9, 12, 16,  and  H).  Thia  aquataa  to 
8000  roplaeamanta  over  tha  lift  oftha  float  (500  aircraft  X  OraphieaaMta/aireraft). 

Tha  aaaumad  coat  of  tha  arindacraana  waa  16,600.  Tha  aaaumad  eoat  to  ramova  and 
roplaea  tha  windacraana  ia  66,400.  Tharafera,  tha  total  coat  to  ramova  and  roplaea  a  ahipaat  of 
unooatad  arindacraana  la  112,000. 

If  the  propoaad  change  la  net  tmplamantad,  tha  048  coat  of  tha  currant  windacraana  Is 
686,000,000  over  tha  lift  of  tha  float  f613»000  to  ramova  and  raplaea  a  ahipaat  of  windacraana 
X  8000  roplaeamanta). 
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S.&a  Iiiipl*maiitaiUMi  and  Oparadag  A  Support  Coati  of  Pr<^poaad  Coaflguratioa 


Tha  nwiraeurring  impUmantation  coat  of  tha  propoaad  eonfiguration  it  $22,000.  Thit 
iaeludaa  tha  coat  to  ehanga  drawixtgt,  part  mioilMri,  and  update  both  logittica  tparat 
provitionizig  and  toehnieal  manuals. 

Tha  eoatad  windteraant  ara  aatimatad  to  last  thraa  timas  longer  than  tha  currant 
configuration,  or  9  yean.  Ovar  tha  lifa  of  aaeh  aircraft,  tha  propoaad  windseraans  would  be 
raraovad  and  replaced  twice  (yaani  9  and  16).  This  equates  to  1000  raplacaraants  ovar  tha  life 
oftha  fleet  (500  aircraft  X  graplacamanta/aircraft). 

Tha  coat  of  tha  coated  windseraans  is  projactad  to  be  $9,900.  This  cost  will  vary 
depending  on  production  altamativas.  Tha  labor  coat  to  remove  and  replace  tha  windscreens  is 
$5,400.  Therefore,  tha  total  coat  to  remove  and  replace  a  shipaat  d  eoatad  windscreens  is 
$15,300. 

Tha  OAS  cost  of  tha  proposed  windscreens  over  the  Ufa  of  tha  float  is  $15,300,000 
($15,300  to  rammw  and  replaea  a  shipaat  of  eoatad  windsersans  X  lOOOreplaeamanta). 

2JLi  BstlmatadOparatiag  A  Support  Coat  Savings 

Tha  aatimatad  OAS  cost  savings  is  $20,878,000.  This  was  ealeulatad  by  subtracting 
both  tha  nonraouTing  coat  to  implement  tha  ehanga  and  tha  aatimatad  OAS  coat  of  tha 
proposed  configuration  fiom  tha  OAS  coat  of  tha  currant  eonfiguration  ($38,000,000  •  $22,000  • 
$15,300,000). 

AAd  CostAaalyalaCoaalualaui 

Recant  data  reveals  (Raf.  2)  that  the  currant  windseraans  ara  only  lasdng  1.5  years.  A 
higher  potential  cost  savinga  to  tha  Army  can  be  achieved  by  substitating  more  raalbrtic  data 
for  tha  durabUity  of  tha  current  configuration.  Tha  assumptions  in  this  analysis  will  be 
raflnad  as  tha  ARC  Program  prograsaaa  (Raf.  4). 

tM  FUghtTaating 

Prior  to  tha  application  cf  any  traaaparaaey  coating  to  tha  AH'IW  SuparCabra,  tha  U.S. 
Marina  Corps,  required  coefirmatiw  that  amargencyagraaa  would  not  be  compromised.  Asan 
added  value  to  tha  currant  contract,  and  in  cooperation  with  Slorradn/Sylmar,  BHTI 
performed  a  canopy  detonation  on  acoalad  transparency  installed  in  an  AH-IT.  Tha  teat  was 
conducted  on  tha  AH<1T  prior  to  a  modification  upgiada  to  the  AH>1W  SuparCobra.  Tha 
SUrradn  abrasien  resistant  coating  was  FX174.  Figure  12  shows  tha  photograph  of  a 
succaaafiil  detonation  for  amargoneyagrasa. 

The  anhanoad  parfbnnanea  obtained  from  each  canopy  vaadcc^i  abraaion  resistant 
coating  mads  tha  dadsion  to  choose  a  flight  teat  configuration  diflleult  After  many  hours  of 
indopandant  evaluations  and  •’discussions,**  Pilkington's  hard  coat,  888590,  was  to  be  flown  on 
aire^  no.  183933  and  Taastar’s  soft  coat,  TXPU,  was  to  bo  flown  on  aircraft  no.  183937. 
Figure  13  shows  aircraft  no.  183937  during  canopy  installation. 

The  most  eonunon  reason  Ibr  removal  of  an  aircraft  transparency  is  tha  optical 
degradation  due  to  haaa,  halation,  or  eentrsot  loss  as  paroaived  by  tha  pilot.  In  or^  to 
datormiaa  optical  degradation  as  a  ftuiction  of  tiiM  on  tha  coated  and  noncoatod 
transparandaa,  A8TM  FP43-90,  8taadard  Teat  Matiiod  fbr  Measuring  Hass  of  Transparent 
Parts,  was  parfrrmad  on  the  installed  canopiaa.  This  tost  will  be  rapaatsd  on  tha  teat  windows 


during  scheduled  hanger  maintenance,  and  if  necessary,  prior  to  and  following  any  flight 
training  involving  a  severe  desert/erosive  environment 

At  the  time  of  this  writing,  both  airert/l  have  been  flying  the  modifled  transparencies 
for  four  months.  Future  flight  operations  should  include  rocket  firings,  low  level  flying  (NOE), 
and  hovering  in  the  desert  sand  environment  of  China  Lake,  GA. 

2.7  Suounary 

This  program  documents  the  benefits  asscciated  with  the  applioition  of  abrasion 
resistant  coatings  on  helicopter  transparencies.  Recent  world  developments,  as  demonstrated 
through  Operation  Prime  Chance,  Operation  Desert  Storm,  and  Operation  Restore  Hope,  have 
shown  that  the  mission  environment  for  military  helieopten  consists  of  an  abrasive  and  high 
temperature  environment  The  use  of  these  coatings  v^l  increase  the  transparency  service 
life  and  ultimately  mission  readiness. 

The  results  from  the  coupon  tests  have  conservatively  indicated  an  increase  in 
transparency  component  life  by  a  fbctor  of  4  or  more.  This  is  complemented  by  the  recent 
flight  test  data  obtained  from  the  OH*58D  aircraft  that  were  modifled  with  the  ITO/hard  coat 
during  Operation  Desert  Storm.  Prom  information  obtained  from  Ft  Bragg,  Government 
maintainera  and  the  BHTI  onaite  technical  reprssentatives,  the  average  transparency  life  of 
the  uncoated  forward  windscreen  was  6  to  9  months  (Ref.  2).  At  the  time  of  this  writing,  with  a 
minimum  of  2 1/2+  years  since  Desert  Storm,  none  of  the  17  modifled  aircrafl  (1  loss)  has  had 
a  canopy  replacement  This  is  further  complemented  by  the  fact  that  the  Desert  Storm 
urgency  required  the  application  of  the  abra^n  resistant  coating  on  used  canopies.  These 
aircraft  are  currently  assigiMid  to  the  4/17th  at  Ft  Bragg,  NC.  The  response  from  the 
maintenance  crews  and  pilots  indicate  that  this  coating  technology  was  well  reeved.  ^  ^ 

When  applied  properly,  the  hard  coat  technology  offers  escellent  chemical  resistance 
and  good  abrasion  resistance.  In  contrast,  soft  coat  technology  offers  excellent  abrasion 
resistanee  and  moderately  good  chemical  rosistanee.  However,  the  hard  coat  technology,  if 
applied  improperly,  will  erase  and  the  wdl  coat  technology  is  susceptible  to  mark-off  when 
covered  improperly.  Repairing  isolated  defects  on  coated  systems  has  an  adverse  effect  on  the 
optieal  properties  of  the  transparency.  The  coatiags  applied  by  flowing  and  dipping  can  be 
field  repaid  in  noncritical  optieaJ  areas  of  the  trsnspiueney.  With  this  exception,  all  other 
defects  and  coating  systems  require  complete  removal,  stripping,  and  reapplication.  These 
benefits  and  concerns  must  be  uixtorstood  by  the  manufbetums  and  users  if  the  ftill  potential'i 
of  this  technology  is  to  be  realised. 

The  use  of  abrasion  resistant  coatings  on  helicopter  transparencies  has  reached  the 
level  of  nuturity  to  allow  expanding  the  current  fll^t  test  program  to  include  oUier  military 
rotorcraft.  Efforts  are  currently  underway  to  modify  additional  OH'58D  aircraft  at  various 
locatioas  in  order  to  expand  the  environmental  exposure  and  personnel  involvement  It  is 
through  this  expanded  flight  test  effort  that  the  transparency  technical  community  will  be 
able  to  determine  the  level  of  user  acceptance  for  the  various  hard  and  soft  coatings. 

As  the  world  situation  continues  to  put  more  demands  on  our  military  rotorcraft,  our 
ability  to  be  more  responsive  in  terms  miiwion  readiness  will  depend  upon  the  appUcation  of 
teehnelogies  that  will  survive  in  a  deeert/sand  environment 
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ABSTRACT 

The  US  Air  Force,  in  a  team  effort  with  industry  and  academia,  initiated  i 
program  to  demonstrate  and  transition  technologies  diat  will  enable  the  P*I6  canopy 
system  to  meet  its  mission  requirements  for  the  1995>2000  time  frame.  The  program 
goals  are  centered  aroimd  the  objective  of  balancing  mission  performance  with 
supportability.  This  paper  offers  a  'Tjroad  brush"  look  at  the  :^16  Canopy  Team's 
successes  to  date,  describes  ongoing  efforts,  and  explores  the  futiue  direction  of  the 
program.  Recent  team  accomplishments  include  a  qtialified  540  knot  birdstrike 
resistant  canopy  that  will  meet  the  four  year  service  life  goal  using  advanced 
coatings.  A  fully  qualified  canopy  dry  seal  system  that  will  reduce  canopy  change 
out  times  to  under  four  hours  will  be  included  as  part  of  tills  system.  Future 
opportunities  to  increase  canopy  performance  include,  combat  hardening 
technologies  to  protect  against  larer  and  chemical  weapons  threats,  tough  HUD 
technolo^es  for  a  complete  system  of  birdstrike  protection,  and  mission  compatible 
optical  performance  with  emerging  systems  sudi  as  Helmet  Mounted  Displays 
(HMD)  and  Night  Vision  Goggles  (NVG). 

INTRODUCTION 

The  current  production  canopy  for  the  F-16  was  developed  to  meet  die  needs 
of  a  lightweight  air-to-air  combat  aircraft,  providing  350  knot  Urd  Impact  resistance. 
Today,  F-16  missions  require  routine  low  aldrode  opemttons  at  flight  velocities 
reaching  540  knots.  The  service  life  is  limited  betw^  two  axui  duee  years,  and 
canopy  change  times  can  take  as  long  as  96  hours.  Bodi  conditions  result  in  a  hig^i 
cost  of  owneiship  of  the  system  in  comparison  to  the  four  year  service  Ufo  and  four 
hour  change  out  goals.  The  F-16  canopy  is  vulnerable  to  combat  harjutl  threats  such 
as  chemical  and  biological  weapons  and  ouH>f-band  lasers. 

Responding  to  the  chan^g  environment,  the  F-16  Canopy  Team  launched  a 
program  to  improve  die  performance  and  supportability  of  the  F-16  canopy  in  order 
to  meet  its  1995-2000  mission  requirements.  The  F-16  Canopy  Team  induded  the 
Wri^t  Laboratory  Windshield  Program  Office  (WL/FIVR),  Ogden  Air  Logisdes 
Center  (OO-ALQ,  the  F-16  Systems  Program  Office,  Headquarters  Air  Combat 


Command  (HQ  ACC),  industry,  and  d\e  University  of  Dayton  Research  Institute.  In 
the  near  term,  the  Team  piaimed  to  demonstrate  a  540  knot/4  pound  bird  impact 
resistant  canopy  system  that  meets  the  444  goal,  which  states  that  a  transparency 
shall  maintain  mission  performance  requirements  for  ^  years  at  which  time  it  can  be 
changed  out  in  ^  hours  by  no  more  than  i  technicians.  For  d\e  long  term,  the  team 
planned  to  demonstrate  combat  hardened  technologies  and  integrate  them  into  the 
system  as  they  mature. 

DISCUSSION 


Current  Accomplishments 

540  KNOT/4  POUND  BIRDSTRIKE  RESISTANCE 

The  540  knot/4  pound  birdstrike  resistance  goal  emerged  out  of  discussions 
with  HQ  ACC  on  P>16  mission  requirements  arui  a  desire  to  protect  the  pilot 
throughout  the  low  altitude  flight  envelope.  540  knot  birdstrike  resistance  was  an 
ambitious  goal  considering  diat  dte  current  production  canopy  had  been  qualified  at 
350  knots.  Complementary  laboratory  tests  and  analytical  tools  were  used  to  reduce 
the  developmental  risk.  Three  point  li^am  tests  were  conducted  on  proposed 
laminate  designs  and  the  airrent  production  laminate  (Figure  1).  These  tests  were 
useful  for  identifying  lamiiutes  with  the  potential  to  meet  the  birdstrike  resistance 
goal  based  on  peak  load  and  energy  absorbed  dtuing  the  test  From  the  beam  tests, 
several  lamiruites  were  selected  for  evaluation  using  a  new  explicit  finite  element 
analysis  code  called  X3D  (Figure  2).  Quick  turnaround  times  using  XSD  provided  a  _ 
tool  suitable  for  evaluating  the  bir^trike  resistance  of  several  different  laminates 
prior  to  selecting  a  design  for  full>scale  fabrication. 

The  team's  selection  strategy  for  fabricating  prototype  canopies  sought  to  cover 
both  short  and  long  term  objectives.  CX>ALC  took  on  the  responsibility  for 
demonstrating  a  two  ply  derign  to  satisfy  the  near  term  objective  of  540  knot 
birdstrike  resistance  at  minimum  cost.  WL  demonstrated  a  three  ply  design  that 
features  a  thin  outer  ply  that  will  permit  the  incorporation  of  a  combat  hardened 
system  as  those  technologies  mature  Advanced  coatings,  selected  from  the  Mission 
Integrated  Transparency  System  (MITS)  test  program  were  applied  to  the  canopies  to 
confirm  their  compatibility  with  the  birdstrike  resistant  system.  Features  of  the 
desigits  are  shown  in  Hgure  3.  Both  designs  have  passed  qualification  birdstrike 
tests,  and  fli^t  evaluations  are  planned  for  the  Fall  93  time  frame.  OOALC  is 
preparing  to  procure  the  two  ply  design  on  a  preferred  spares  basis  in  FY94. 

FOUR  YEAR  SERVICE  LIFE 

Inspections  of  failed  F-16  canopies  brought  in  from  the  field  have  shown  tiut 
the  service  life  is  limited  primarily  b^use  of  crazing  and  cracking  of  tiie  acrylic 
outer  surface  and  electrostatic  discharge  damage.  To  combat  the  short  service  life, 
the  MIPS  test  program,  led  by  WL/FTVR,  evaluated  the  durability  of  a  new 
generation  of  advanced  coatings  in  parallel  with  the  540  knot  birdstrike  resistant 


canopy  effort  Features  of  those  selected  for  F-16  canopy  application  include  soft 
urethane  coatings  designed  to  eliminate  acrylic  crazing,  and  a  static  drain  system 
which  consists  of  either  a  metallic  outer  layer  or  a  conductive  soft  coating.  Flight 
evaluations  are  underway  for  some  coatings  and  others  will  begin  in  Fall  93. 

Validation  of  the  four  year  service  life  wil!  be  supported  by  full-scale 
durability  tests  designed  to  evaluate  the  coatings  in  an  accelerated  F-16  thermal  and 
pressure  environment  Quantitative  methods  to  evaluate  the  ability  of  the  coatings  to 
maintain  mission  performance  requirements  include  a  measurement  of  contrast  loss 
and  haze  index,  and  birdstrike  tests  before  and  after  durability  testing.  The  advanced 
coatings  will  be  integrated  as  part  of  the  540  Knot  Birdstrike  Canopy  system. 

FOUR  HOUR  CHANGE  OUT 

Change  out  times  for  the  current  system  can  reach  96  hoxirs  primarily  because 
of  the  cure  times  associated  with  wet  sealants,  and  the  labor  intensive  process  of 
removing  ’’tacky”  tape  from  the  frame  in  preparation  for  the  replacement  canopy.  To 
cut  change  out  times  down  to  four  hours,  00-ALC  led  an  effort  to  demonstrate  a 
new  dry  seal  system.  The  dry  ”quick"  seal  system  consists  of  a  gasket  type  pressure 
seal  that  is  installed  between  the  canopy  frame  interface,  and  a  rain  seal  that  attaches 
to  the  edge  of  the  canopy  frame  fairing.  The  new  system  can  be  ixutalled  in  ]ust  a 
few  hours,  is  easy  to  handle,  and  can  reused.  Ogden  ALC  has  several  units  flying 
on  F-16s  at  Hill  APB  and  at  the  Kansas  ANG.  With  the  system  fully  qualified,  Ogden 
ALC  has  taken  procurement  action  and  will  begin  fleet  implementation  Li  FY94. 

Future  Opportunities  .  _  _ 

COMBAT  HARDENING 

The  threat  of  chemical  weapons  attack  in  Desert  Storm  brought  home  the  fact 
that  USAF  transparency  systems  are  vtilnerable.  Organic  plastics  react  wifli  the 
diemicals  leaving  an  opaque  surface  which  can  disrupt  miMion  performance  and/or 
groimd  aircraft  The  transparency  system  is  also  vulnerable  to  Mgh  powered,  ouH>f- 
band  lasers.  Although  laser  systems  are  not  presenfly  a  large  threat,  delivery  systems 
are  shrinking  in  size  making  ^  dueat  a  fiiture  reality. 

The  F-16  Canopy  Team  demonstrated  that  a  dim  ply  system  could  defeat  a  4 
potmd  bird  at  540  knots  while  meeting  the  current  weight  requirement  and  opdcU 
spedficadons.  This  system  has  left  the  door  open  to  Incorporate  a  combat  hardened 
system  that  is  capable  of  defeating  chemical  and  laser  weapons  dueais  while 
maintaining  540  knot  birdstrike  resistance  and  a  four  year  service  life.  Hgure  4 
shows  a  vi^ation  on  the  diree  ply  design  which  could  incorporate  a  sacrificial  or 
hardened  ply,  that  when  coated  with  an  inorganic  fllm  could  provide  an 
impenetrable  combat  hardened  system. 

The  Air  Force  must  work  closely  widi  industry  to  And  affordable  soludons  dut 
have  minimal  impact  on  the  durability  of  the  system.  WL/FIVR  will  begin  a  coupon 
scale  test  program  with  UDRI  and  industry  in  FY94  to  identify  possible  candidates 
for  the  combat  hardened  system. 
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TOUGH  HUD 

Although  an  F*16  canopy  capable  of  withstanding  a  birdstrike  at  540  knots  has 
been  demonstrated,  the  effort  to  improve  total  system  safety  continues.  High  speed 
films  from  birdstrike  tests  with  impact  velocities  of  350,  400, 500  and  540  knots, 
revealed  that  contact  between  the  canopy  and  HUD  during  the  birdstrike  event 
(Figure  3}  sends  a  spray  of  glass  toward  the  pilot's  neck,  face,  and  eyes,  which  could 
cause  injury  and  potentially  lead  to  loss  of  aircraft  control  This  highlights  the  need 
for  a  toughened  HUD  combiner  system,  using  either  a  plastic  combiner  "glass”  or 
coating  the  glass  with  a  tough,  transparent  material  This  would  allow  a  controlled 
respop'e  of  the  system  and  mmimize  risk.  Retaining  optical  quality  in  the  HUD 
system  will  be  the  largest  hurdle  to  demonstrating  this  technology.  However,  the 
Team  is  exploring  options  with  the  input  of  the  avionics  community  and  will  initiate 
a  formal  program  in  Fall  93. 

OPTICAL  PERFORMANCE 

The  "bubble”  canopy  shape  gives  P*16  pilots  the  most  continuous,  unobstructed 
viewing  area  of  any  US  fighter.  But  this  complex  shape  makes  the  F*16  canopy  one 
of  the  most  optically  challenging  transparency  systems  to  manufacture  as  weL  The 
emergence  cf  HMD  and  NVG  systems,  present  new  challenges  in  ensuring  optical 
quality  of  the  canopy.  The  F-ld  canopy  conununity  must  anticipate  changes  in 
optical  requirements  and  apply  irmovative  manufacturing  solutions  to  meet  the  new 
diallenges  and  ensure  that  F«16  pilots  maintain  the  wiiming  edge  in  combat. 

One  promismg  manufacturing  solution  under  evaluation  is  Directly  Formed 
(Injection  Moldh\g)  technologies.  unique  forming  process  offers  the  possibility 
of  better  optical  quality,  and  the  potential  to  reduce  procurement  costs  by  an  order  of 
magnitude  by  eliminating  many  of  the  steps  used  in  conventional  forming  methods. 
WL/FIVR  is  ciurently  demonstrating  the  process  for  the  forward  portion  of  an  F>16 
canopy.  The  Team's  attention  is  focused  on  the  optical  quality  and  impact  resistance 
of  die  injection  molded  parts. 

SUMMARY 

The  Team  has  enjoyed  numerous  "wins”  for  the  F*16  canopy  system  over  the 
past  few  years.  The  transparency  system  is  now  capable  uf  meeting  the  birdstrike 
threat  in  its  low  altitude  flight  environment.  Reprocurement  costs  will  go  down  as  a 
results  of  a  longer  service  life  through  durable  coatings.  The  dry  seal  system  means 
faster  turnaround  times  and  fewer  work  hours  in  the  field. 

New  challenges  are  on  the  horizon  as  the  Team  continues  to  provide 
affordable  technology  solutions  for  superior  canopy  performance  and  supportability. 
Durable  combat  hardening,  mission  compatible  optical  performance,  and  otal 
birdstrike  system  safety  through  tough  HUD  technologies  are  all  challei  ^  j  that  will 
be  met  by  a  strong  team  dedicated  to  ensuring  that  the  F>16  meets  its  mission 
requirements  into  the  next  century. 
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LAMINATES  EVALUATED  IN  BEAM  TESTS 


^  F-16  X3D  BIRDSTRIKE  SIMULATION 
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Abstract 

Under  the  auspices  of  the  MITS  Progran,  generic  transparency 
systea  (canopy)  design  has  been  concentrated  on  at  the  priae 
contractor  and  subcontractor  Irvels  to  identify,  qu-^ntify  and 
prioritize  all  pertinent  design  requireaents.  These  riquireaents 
have  been  pursued  by  applying  the  aost  advanced  technologies  and 
analysis  techniques  while  utilizing  tha- aost  advanced  aa^.erials. 

Pour  MITS  detailed  designs  have  been  generated  which  feature 
transparency  systeas  which  encoapass  all  pertinent  aission  profiles 
with  performance  levels  including  Radar  Cross  Section  reduction, 
birdstrike  protection,  aeroheating  for  Mach  2.5,  four-year  service 
life,  four^hour  change-out  by  two  technicians  and  laser  protection. 

MITS  has  also  facilitated  the  development  of  the  latest  multi¬ 
functional  outer  surface  coatings  that  will  be  demonstrated  on 
flying  F-16  shaped  advanced  laminates  and  by  full-scale  ground 
testing. 


Copyright  ®  1993  Lockheed  Corporation. 
All  rights  reserved. 
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1.0  INTRODUCTION 

The  objective  of  the  HITS  Program  is  to  utilize  a  generic 
approach  to  design,  fabricate,  and  experimentally  demonstrate 
(ground  test)  a  Mission  Integrated  Transparency  System  for  advane^id 
tactical  aircraft  to  operate  in  the  last  half  of  this  decade. 

In  order  to  get  a  quick  glimpse  of  the  essence  of  the  HITS 
Program,  one  ahould  pursue  the  definition  of  "Mission  Integrated 
Transparency  System"  The  key  to  this  definition  lies  in  the 
following  five  words  in  the  objective: 

(a)  Transparency  System 

(b)  Generic 

(e)  Mission  Integrated 

First,  what  is  a  "Transparency  System"?  In  the  prime 
contractor  community,  this  part  of  the  airplane  has  historically 
been  called  the  canopy.  However,  in  this  case,  the  canopy  is  not 
all  that  is  being  considered.  Rather,  all  of  those  parts  that 
either  touch,  attach,  to,  or  coordinate  with  the  canopy  such  as  the 
cockpit  side  structure,  the  ejection  seat,  the  head~up  display, 
etc.,  have  been  included  with  the  canopy.  Thus,  the  term 
"Transparency  System"  is  used  to  represent  this  combination  of 
..._COapOnentaf  ,  _ -.---rrT; - r-:-:: - - -  - . . 

Next,  expanding  "Transparency  System"  to  "Generic  Transparency 
System"  broadens  the  emphasis  to  a  transparency  systez.  not  related 
directly  to  that  of  any  existing  tactical  aircraft  or  any  future 
aircraft  design  on  the  "Drawing  Board"  or,  rather, in  any  computer 
aided  design  data  base. 

In  order  to  design  this  "Generic  Transparency  System",  one 
must  begin  with  an  airplane  mission.  Since  the  MIT5  Program  is  not 
related  directly  to  any  particular  airplane,  representative 
missions  were  fashioned  from  the  different  types  of  existing 
aircraft  missions. 

At  some  point  in  this  generic  design  process  all  pertinent 
design  goals  or  requirements  are  identified.  The  MITS  Program 
began  with  a  broad  set  of  goals  and  emphasized  particular  goals  by 
utilizing  the  representative  missions.  These  misslon>emphasized 
requirement  goals  have  been  pursued  and  traded  by  integrating  the 
latest  technologies  into  this  generic  transparency  system  design. 
Thus,  a  "Mission  Integrated  Transparency  System"  has  been 
developed. 

The  theme  of  "Mission  Integrated  Transparency  System" 
development  has  been  expanded  upon  in  Sections  2,  3,  and  4  of  this 
paper.  Me  begin  with  a  summary  of  mission  gsneration  and  progress 
to  descriptions  of  requirements  evaluation,  trade  studies, 
selection  of  forebodies,  and  preliminary  designs.  He  then  report 


tha  coupon  testing  used  to  evaluate  the  preliminary  designs  and 
describe  detail  designs.  Section  5  describes  an  add-on  effort  to 
the  MITS  Program  that  focuses  on  two  particular  requirement  goals 
and  a  specific  airplane  configuration.  Section  6  summarizes  the 
accoapllshments  and  discusses  payoffs  of  the  MITS  Program. 

The  Windshield  Program  Office  (WVFIVR)  of  the  Flight  Dynamics 
Directorate,  Wright  Laboratory  (WL) ,  sponsors  the  HITS  Program. 
Mr.  James  L.  Terry  (WL/FIVP)  is  the  Air  Force  Program  Manager. 
General  Dynamics  Fort  Worth  Division  (GD/FW) ,  now  known  as  Lockheed 
Fort  Worth  Company  (LFWC) ,  is  the  prime  contractor  with  the  author 
serving  as  Program  Manager  at  LFWC. 

The  transparency  manufacturers  have  been  thoroughly  involved 
since  the  outset  of  the  MITS  Program.  Initial  work  was  competed  to 
the  "Major  5"  companies  (Texstar,  PPG,  Sierraein,  Pilkington  and 
Loral)  in  the  Fall  of  1988.  PPG  and  Sierracin  were  chosen  in 
January  1989  to  participate  in  Phases  1  and  2.  Phase  3  called  for 
Single-Source  procuring  a  PPG  Windshield,  a  Sierracin  Canopy  and  a 
Pilkington  Aft  Fairing  for  the  Phase  3  Demonstrator.  Concurrently, 
the  existing  "Major  4"  companies  (Pilkington,  Sierracin,  PPG  and 
Texstar)  were  chosen  to  participate  in  the  Advanced  Canopy  Coatings 
Project.  The  MITS  Program  schedule  is  shown  in  Figure  1-1.  The 
original  MITS  Program  Plan  is  presented  in  Reference  1. 
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2.0  PHASE  1  -  MISSIONS,  REQUIREMENTS  AND  PRELIMINARY  DESIGN 

2 . 1  Missions 

It  is  sxpsetsd  that  tho  nsxt  generation  of  advanced  tactical 
aircraft  vill  require  transparency  systems  far  more  complex  than 
those  that  currently  exist.  The  missions,  functions  and  the  flight 
profiles  of  these  aircraft,  coupled  with  the  advanced  threats  that 
they  are  likely  to  encounter,  have  generated  a  large  quantity  of 
critical  and  conflicting  transparency  system  design,  performance 
and  supportability  requirements.  Sets  of  these  transparency  system 
design  and  performance  requirements  have  been  postulated, 
categorized,  and  provided  as  baseline  data  by  the  MITS  Air  Force 
Customer.  The  requirements  were  grouped  into  five  categories: 
natural  hazards,  crew/machins  interface,  combat  hazards, 
supportability  and  fuselage  integration.  They  were  incorporated, 
along  with  current  requirements,  as  design  drivers  for  the  purpose 
of  this  mission  development.  For  more  details  see  References  2,  3, 
and  4. 


As  mentioned  in  Section  1.0,  in  order  to  design  a  "Mission 
Integrated  Transparency  System"  one  must  begin  with  an  airplane 
mission.  WL/FIVR,  the  MITS  Air  Force  customer,  provided  GD/FH  two 
mission  profiles:  a  typical  ground  attack  (GA)  profile  and  a 
typical  air  superiority  (AS)  profile.  GO/FW  was  then  required  to 
generate  a  multirole  (MR)  mission  profile  using  these  two  mission 
profiles  and  incorporating  all  other  pertinent  considerations.  The 
GA  and  AS  mission  profiles  are  shown  in  Figure  2.1-1  and  2.1-2, 
respectively. 

A  mission  definition  approach  was  employed  to  derive  the 
mission  related  requirements  to  aid  in  establishing  the  MITS  design 
goals.  To  perform  a  mission  definition,  two  primary  considerations 
are  necessary:  threat  definition  and  mission  analysis.  It  is 
necessary  to  develop  a  combat  scenario  and  the  associated  threats, 
targets,  and  operational  procedures  to  provide  the  background 
environment  the  mission  profile  will  be  flown  i:i.  The  two  primary 
categories  closely  analyzed  during  the  mission  analysis  were  combat 
hazards  and  natural  effect  hazards.  Each  of  the  additional 
critical  categories  of  design  parameter  requirements  was  also 
reviewed  for  relevance  to  operational  capabilities  applications  and 
the  resultant  implications. 

The  initial  mission  analysis  step  was  to  perform  a  systemized 
mission  review  and  operational  applications  analysis  of  the  typical 
or  baseline  AS  and  GA  mission  profiles  provided  by  WVFIVR. 
Establishing  mission  requirements  and  mission  objectives  for  each 
of  the  baseline  profiles  was  integral  to  Interfacing  with  a 
preliminary  MR  profile.  Included  in  the  mission  requirements  were 
such  operational  environmental  considerations  as:  Day/Night 
Operations,  All  Weather  Operations,  Penetration  Altitudes/Spoeds, 
Tactics  Employment,  and  operational  procedures  (Rules  of 
Engagement,  safe  Passage  Procedures,  etc) . 
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figure  2.1-1  Ground  Attack  Mission  Profile 


AIRSUPBNORITY 

(INtOCA) 


Also  included  in  the  enalysis  are  nission  activities  that  are 
not  specifically  addressed  but  that  are  integral  or  inherent  to  the 
nission  profiles.  Examples  are:  Pomation  Plying  and  Rendezvous, 
Aerial  Refueling,  and  Approaches  and  Landings. 

3 . 2  Nultirole  Mission 

Based  on  threat  definition  and  postulated  operational 
background,  the  development  of  the  MR  mission  began  with  a 
description  of  the  activity  envisioned  as  taking  place  during  this 
type  mission  and  of  a  prioritized  set  of  design  reguirament 
parameters.  'men  an  analysis  of  the  probable  possibilities  of 
mission  combinations  to  form  a  MR  mission  plus  a  description  of  the 
likelihood  of  the  combinations  was  performed.  Transparency 
operational  conditions  and  interactions,  the  probabilities  of  the 
projected  threat  density/detection  distributions,  and  the 
anticipated  expected  encounters  were  also  identified.  The  MR 
mission  profile  is  shotm  in  Pigure  2.2-1.  A  leg-by-leg  detail 
description  of  the  MR  mission  and  additional  information  are 
contained  in  References  2,  3,  and  4. 


Pigure  2.2-1  Multi-Role  Mission  Profile 
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2.3  HITS  Requirenants  Evaluation 

As  was  implied  in  Section  2.2,  mission  development  and 
operational  factors  led  to  mission  driver  requirements.  Mission 
definition  is  not  complete  without  cognizance  of  mission  impact  on 
requirements.  Therefore,  mission  development  and  evaluation  of 
requirements  go  '*hand’*in*'hand'* .  In  order  to  achieve  clarity, 
however,  mission  development  and  evaluation  of  requirements  have 
been  presented  sequentially.  The  process  of  mission  definitie.), 
operational  factors  and  mission  driver  requirements  is  depicted  in 
Figure  2.3**1. 


MX88I0M  DSV3L0PMSMT  AMO  OPERATIOMAL 
rACT0R8  LBAO  TO  MI88I0M  DRIVER  RBQriREXEMTR 


1  MISSION  DEFINITION  j 
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Figure  2.3-1  Mission  Definition  /  Driver  Sequence 

The  purpose  of  the  HITS  requirements  evaluation  was  for  OD/FM 
and  the  Covemnent  to  establish  a  common  understanding  of  the  MIT8 
systems  requirements  before  doing  preliminary  design  work.  GD/FW 
evaluated  these  requirements  to  determine  not  only  relevance,  but 
attainability  in  the  1999  to  2000-(>  time  frame. 
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Eighty-six  (86)  areas  of  concern  were  addressed  and  were 
grouped  into  five  (5)  categories:  Natural  Hazards,  Conbat  Hazards, 
Supportability,  Crew-Machine  Interface,  and  Fuselage  Integration. 
As  was  recognized  early  in  this  process,  the  missions  determine  key 
driver  requirements.  Several  categories  of  the  86  areas  of  concern 
have  substantial  impact  on  mission  success  as  is  shown  in  Figure 
2.3-2.  Of  the  areas  of  concern,  thirty  (30)  were  initially 
designated  as  design  parameters  by  the  (HVI^XVR)  customer. 

TBB  KZSBIOMS  OETERMIMB  XEY  OArVBR  XUBQUIllSMENTS 


86  PAKAMETERS  WERE  ADDRESSED,  BUT  SEVERAL  CATEGORIES 
HAVE  SUBSTANTIAL  IMPACT  ON  MISSION  SUCCESS 


HITS 

MISSION  PROFILE  | 

REQUIREMENT 

AREAS 

MULTI 'HOll 

GROUND  OPERATIONS 

(tolw«nt«,  tnurehanaMbUlty, 

ChanM'Out  T<m.  Th«rM() 

/ 

/ 

/ 

SERVICE  LIFE 

/ 

/ 

■BH 

OPTICAL  QUALITIES 

/ 

/ 

/ 

SIGNATURE 

/ 

/ 

HUD  INTEGRATION 

/ 

/ 

AERODYNAMICS 

/ 

/ 

BIRDSTRIKE 

/ 

/ 

LASER  PROTECTION 

/ 

/ 

BALLISTIC  PROTECTION 

/ 

/ 

NIGHT/ALL  WEATHER  VISION 

/ 

/ 

Figure  2.3-2  Key  Driver  Requirements  Determination 

The  design  parameters  were  prioritized  based  upon  missio'i 
requirements.  AS  and  GA  Mission  requirement  priorities  were 
established  in  Reference  5  by  the  Government.  MR  mission 
requirement  prior it iee  were  established  by  GD/FW  and  submitted 
formally  as  Reference  6.  Aleo,  GD/FW  re-prioritized  goals  for  the 
AS  and  GA  Missions.  The  final  prioritized  goals  for  all  three 
missions  are  siunarized  in  References  3  and  4  in  addition  to 
Reference  6. 

The  priority  values  ranged  from  one  to  three  with  the  priority 
indicating  the  importance  to  the  Air  Force  in  accomplishing  the 
mission.  Priority  one  is  most  important  while  priority  three  is 
least  important. 
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Th«  rasults  vara  prasantad,  discusaad  and  approvad  at  a 
Systana  Raqulrenanta  Ravlaw  (SRR)  in  April,  1989.  SRR  attandaas 
rapraaantad  tha  Hindshlald  Systana  Program  Offiea  at  WL,  various 
tachnical  disciplines  at  WL,  savaral  Air  Logistics  Centers,  tha 
three  HITS  vendors:  Siarracin,  PPG, and  Lockheed  Aeronautical 
Systems  Company  (LASC)  and  GD/FW  in  various  tachnical  areas.  Tha 
objective  of  tha  SRR  vaa  adhered  to  closely  for  the  Government  to 
ascertain  tha  adequacy  of  contractor  efforts  in  defining  system 
requirements  as  is  stated  in  MIL-STD-1521A  (USAF) .  Traditional 
system  requirements  are  rather  hard  and  fast,  not  to  be  compromised 
later  in  the  program. 

In  contrast  to  traditional  system  requirements,  HITS 
requirements  were  set  at  a  level  to  optimize  each  particular 
parameter,  neglecting  conflicting  requirements.  The  requirement 
levels  were  allowed  soma  flexibility  and  were  subject  to  change  as 
a  result  of  trade  studies.  The  desired  result,  with  this  non- 
traditional  approach,  was  to  encourage  the  contractor  and 
subcontractors  to  "reach**  for  technical  innovation  rather  than 
settle  for  easily  obtainable  goals.  GO/FW  utilized  diverse  Inputs 
from  "in-house"  technical  specialties,  mission  analyses,  design 
groups,  materials  groups  and  support  groups  as  well  as  the 
transparency  manufacturers  and  LASC. 

The  prioritized  requirement  goals  are  represented  for  one  area 
of  concern  in  Figure  2.3-3  which  provides  an  overview  of  natural 
hazards  parameters.  The  driver  category  (i.e.  thermal,  weather, 
solvent,  etc)  is  broken  do%m  into  the  quantified  parameters  with 
-the  priorities  for  each  of  these  parameters  listed~by  mission.  The 
additional  parameters  listed  at  tha  bottom  of  Figure  2.3-3  were 
considered  but  were  not  rigorously  prioritized.  Similar  overviews 
of  the  remaining  requirements  categories  (Combat  Hazards, 
Supportabllity,  Crew-Machine  Interface  and  Fuselage  Integration) 
are  contained  in  References  3  and  7. 

Ten  common  priority  "one"  design  drivers  emerged  from  the 
requirements  evaluation  for  each  of  the  three  missions.  These 
common  priority  "one"  drivers  are  shown  in  Figure  2.3-4.  These  ten 
requirements  became  the  pr^imary  drivers  for  the  MITS  designs. 

The  ten  top-priority  drivers  were  determined  to  have  both 
competing  and  complementary  performance  parameters  and  are  broken 
down  into  typical  performance  considerations  as  shown  in  Figure 
2.3-5.  Due  to  the  importanoe  placed  on  servloe  life,  some  lo%fer 
priority  requirements  were  Included. 

For  a  thorough  description  of  each  design  parameter,  including 
value  or  level,  priority  by  mission  and  acceptance  criteria,  please 
refer  to  References  3  and  6. 
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OVERVIEW  OP  NATURAL  HAZARDS  PARAMETERS 
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Figure  2.3-3  Overview  of  Natural  Hazards  Paraaeters 
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THESE  DRIVER  CATEGORIES  WERE  FIRST  PRIORITY: 

/  Service  Life 
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THE  PRIMARY  DESIGN  DRIVERS 

Figure  2.3-4  Cowson  Priority  II  Drivers 
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THE  TOP-PRIORITY  DRIVERS  HAVE  BOTH  COMPETING 
AND  COMPLIMENTARY  PERFORMANCE  PARAMETERS 


DRIVER  CATEGORY 

TYPICAL  PERFORMANCE  CONSIDERATIONS 

.  $£»¥(«  IIF* . . 

J*«n,  le*  Cry*t*(t.  Ab<-**lon.  UV.^  K*l*tuf*  *  . 

OPTICAL  (MALITIES 

Tranialttane*.  M*t*.  Ana.  0*vi*tlafi.  0(«tort1en.  Ilnoe.  0l*D*ritv 

tieMTwc  KDLcriaN 

mVENT  MtItTAMCC 

Ctaanlira  totutiun*  and  M*t*f I*!*.  Eu*(.  ••Int.  S«*(am*  ^ 

TMCIMAL  CAPAIIIITICS 

Aaralt**tir*.  Ellghttin*.  tfar«h«ui*  Ta*e*r*tvir*« 

ELECTtlCAl  eOMPATIIIlITT 

Static  CI<*rB*  Drain.  Continuou*  Conductivity  f*  AIrffw* 

trtUCTURAL  INTECaiTT 

Pr*«*ur*,  T«*o*fatur*  Cyela* 

IHTEKCNAMCEAIILITT 

H«  EariMino  of  Support  and  Ctaoplna  Davie** 

1  CHAHCE-OIT  TIME 

Two  Crew/four  Hour*  . 

,  ,  r  , 

S  MS  INTEauriOM 

Wid*  Ei*ld>of‘Vi*M 

*  tern  toiMr  ^<ority  r«qulr«Nntt  mn  Ineludtd  <n  ••rvie*  (if*  du*  to  It*  l«part*ne*. 


Plgura  2.3-S  Compatibility  Paaturas  of  Top  10  Drivars 

2.4  Trada  Studiaa 

Am  ha  aynthaaizaa  tha  daaign,  tha  daaignar  is  avar  mindful  of 
tha  raquiramants  that  his  final  craation  must  mast.  Ha  is 
constantly  challangad  by  vhat  saams  to  ba  conflicting  damands  or 
raquiramants  by  tha  customar.  -  - 

To  fully  satisfy  ona  raquiramants  othar  raquiramants  must  ba 
compromisad.  A  final  solution  attampts  to  maat  as  many  of  tha 
raquiramants  as  possibla.  Although  it  is  almost  impossibla  to 
fully  maat  all  raquiramants,  it  is  possibla  to  do  wall  with  raspact 
to  most  of  tha  raquiramants  through  a  sarias  of  compromisas  and 
trada-offs.  In  tha  MITS  Program,  tha  trada-off  procass  vas  a  kay 
alamant  of  tha  dasign  procass  and  is  documantad  in  Rafarancas  3  and 
8. 


Traditionally,  tha  graatast  amphasis  on  trada  studias  occurs 
in  tha  praliminary  and  final  dasign  phasas.  Howavar,  many  trada 
studias,  at  laast  at  tha  concaptual  laval,  ara  parformad  vhila 
synthasising  a  praliminary  dasign.  Tha  M1T8  Air  Porca  customar 
dlractad  tha  usa  of  tha  thraa  aircraft  configurations  and  missions 
as  dascribad  in  Saction  2.3.  Tha  only  Information  known  about 
thasa  configurations  was  raspact  to  mission  to  ba  flown.  Nothing 
was  known  of  tha  ovarall  shapa,  numbar  of  anginas,  numbar  of  craw, 
inlats,  avionics  ate.  Quant itatlva  trada-off  data  cannot  ba 
ganaratad  without  spacifio  dasigns  on  which  to  perform  analysis. 
Tharafora,  tha  trada-offs  addrassad  in  Rafarancas  3  and  8,  wars 
primarily  eonstralnad  to  tha  conceptual  or  (pialitatlva  laval. 
Howavar,  through  an  informal  cooparatlva  effort  of  both  MITS 
Program  Managers,  (Air  Force  and  OD/FW)  tha  trada  study  document  has 
been  revised  several  times  to  rsflact  detail  dasign  trada-offs. 
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Thrift  basalin*  assumptions  wars  included  in  tha  basis  for  the 
trada  study t 

1)  Only  single  seat,  fightar*'typa  aircraft  ware  considered. 

Two  seat  aircraft  were  not  included. 

2)  Through«the«canopy  ejection  was  not  considered. 

3)  Any  ejection  seat  considered  for  reference  in  the  Trade 
Study  Task  has  capabilities  comparable  to  the  McDonnell* 
Douglas  Aces  II  seat. 

This  trade  study  accomplishes  HITS  prograa  objectives  in 
providing  a  trade  and  assessment  foundation  to  serve  as  a  basis  for 
future  transparency  system  designs.  It  is  complete  to  the  extent 
that  data  was  available  to  the  GD/FW  HITS  Program  Office  in  time 
for  publication  o>  references  3  and  8.  The  study  provided  the 
tools  for: 


a)  Early  development  of  transparency  system  concepts  that  can 
be  evaluated  through  trade-offs. 

b)  Development  of  preliminary  designs  that  can  meet  conflicting 
requirements. 

c)  Assessing  the  degree  of  compromise  required  for  any 

technolo^  to  satisfy  priority  drivers.  . . .  __  . .  _ 


2.S  Selection  of  Forebodies 

Rather  than  exist  in  isolation,  a  transparency  system  is 
integrated  with  an  air  vehicle.  Therefore,  some  knowledge  of  the 
baseline  vehicle  must  exist.  The  characteristic  design  features  of 
the  vehicle.  Including  the  transparency  system,  should  function  in 
a  manner  to  serve  the  stated  mission  of  the  vehicle. 

To  begin  the  Preliminary  Design  task,  representative  air 
vehicle  baselines  suitable  for  conducting  subsequent  technology 
evaluation  were  required.  The  mission  profiles  dictated  a  fixed 
wing  fighter  type  aircraft.  The  baseline  aircraft  was  selected 
using  the  following  criteria: 

a)  The  aircraft  must  currently  be  in  either  the  United  States 
Air  Force  or  Navy  inventory  and  should  be  expected  to  be  in 
the  inventory  in  the  1995-2000  timeframe. 

b)  The  aircraft  must  currently  be  used  for  the  subject  mission. 

e)  The  NITS  program  was  committed  to  develop  unclassified 
designs  per  customer  guidelines, 
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Aircraft  considered  as  baselines  were  the:  F^IS,  P-lil,  F~14, 
F-16,  F-18,  F-4,  A-7,  AV-8B,  and  A-10.  Noticeably  absent  from  this 
list  are  several  advanced  tactical  aircraft  currently  under 
development.  None  of  these  aircraft  were  selected  as  baselines  in 
order  to  satisfy  criterion  (c) ,  above.  Aircraft  were  selected  as 
baselines  for  the  following  reasons:  Use  of  one  of  the  advanced 
aircraft  as  a  baseline  would  have  dictated  that  the  design  work  be 
conducted  in  a  classified  area  by  appropriately  briefed  personnel. 
Conversely,  by  selecting  current  fleet  aircraft,  a  large  amount  of 
baseline  data  would  be  available.  Readily  obtainable  baseline  data 
was  especially  Impoxrtant  in  analysis  of  reliability, 
maintainability,  and  supportability  parameters.  Selection  of  the 
AS,  6A  and  MR  Forebodies  is  covered  in  Reference  3. 

The  McDonnell-Oouglas  F»15  "Strike  Eagle"  was  selected  as  a 
baseline  for  the  AS  Mission.  This  aircraft  is  currently  the 
premier  AS  fighter  for  the  Air  Forco.  The  F-^IS  is  capable  of  a 
Mach  2.S  cruise  (leg  7  of  the  AS  Mission  Profile).  However,  what 
counts  most  in  an  AS  fighter  is  not  the  highest  speed  but  the 
capacity  to  maneuver  while  withstanding  the  maximum  loads. 
Maneuverability  is  expressed  in  cliadaing  performance,  acceleration 
capacity  and  turning  speed.  A  thrust-to^weight  ratio  of  greater 
than  one  gives  the  F>15  the  performance  necessary  for  this  type  of 
mission. 

The  F-IS  forebody  design,  as  with  the  entire  aircraft,  is 
derived  from  its  primary  mission.  The  crew  station  configuration, 
single  place  or  two-place  tandem,  and  the  allowance  for  a  large 
radar  dish  form  the  size  envelope  for  the  forebody.  High  speed 
flight  requirements  shape  the  forebody  to  achieve  acceptable 
transonic/ supersonic  wave  drag  characteristics. 

The  6D/FH  F-18  "Fighting  Falcon"  was  selected  as  a  bassllns 
for  the  MR  Mission.  This  aircraft  currently  serves  as  the  "low* 
component  of  the  USAF's  high-low  mix.  During  any  conflict,  the  F- 
16  would  be  expected  to  fly  both  AS  and  GA  missions.  A  thrust-to- 
weight  ratio  greater  than  one  gives  the  F-16  the  performance 
necessary  for  this  type  of  mission. 

The  F-16  forebody  design,  as  with  the  entire  aircraft,  is 
derived  from  it's  primary  mission.  The  crew  station  configuration, 
single  place  or  two-place  tandem,  and  moderate  size  radar  dish  form 
the  size  envelope  for  the  forebody.  High  speed  flight  requirements 
shape  the  forebody  to  achieve  acceptable  transonic/supersonio  wave 
drag  characteristics.  A  high  priority  on  field  of  view  results  in 
a  one  piece  wrap-around  canopy. 

The  McDonnell-Douglas  AV-8B  "Harrier"  was  selected  as  a 
baseline  for  the  GA  Mission.  The  Harrier  is  a  vertical  takeoff  and 
land  (VTOL)  aircraft.  Because  of  the  unique  VTOL  capabilities,  the 
aircraft  can  be  based  close  to  the  front  lines,  away  from 
vulnerable  airfields.  The  Harrier  is  a  versatile  aircraft  that  can 
operate  at  supersonic  speeds  and  engage  other  fighter  aircraft  in 
combat  in  addition  to  its  GA  capabilities.  Such  capabilities  will 


•nsura  continued  usage  of  this  vehicle  in  the  U.S.  Navy  (Marine) 
inventory. 

The  AV*8B  forebody  dasigni  as  with  the  entire  aircraft,  is 
derived  from  it's  primary  mission.  The  crew  station  configuration, 
single  place  or  tvo'-place  tandem,  and  lack  of  radar  form  the  size 
envelope  for  the  forebody.  Visual  ground  target  acquisition 
requires  that  the  forabody  be  shaped  to  allow  good  downlook,  both 
over*the*side  as  well  as  over-theonose. 

As  a  baseline  assximption  the  inlets  and  wings  ware  neglected 
for  the  purpose  of  the  HITS  program.  Inclusion  of  the  inlets  and 
wings  would  Impact  aerodynamic  analysis  results  to  the  extent  that 
changes  to  the  transparency  would  have  minimal  effects. 

2.8  Preliminary  Designs 

In  order  to  avoid  repetitious  coverage  of  transparency  system 
features,  a  brief  description  of  each  of  the  three  preliminary 
designs,  along  with  pertinent  concepts  considered,  will  be  given  in 
this  section.  More  detailed  coverage  is  provided  in  Section  3.2 
which  covers  the  three  MITS  detailed  designs.  The  three  preliminary 
designs  are  described  in  detail  in  References  3,4  and  9. 

Multl^Role  Mission  Configuration 

_ -The  MR  mission  calls  for  botli  supersonic  cruise  at  high 

altitude  and  supersonic  dash  **on  the  deck.**  Air-to-air  engagements 
are  expected  as  well  as  weapons  delivery  to  ground  targets.  The 
full  range  of  combat  hazards  are  expected  (ballistics,  laser, 
nuclear,  chem/bio,  and  radar/infrared/visual  detection)  and  a 
severe  combination  of  natural  hazards  (birdstrika,  rain,  ice, 
temperature,  etc.)  are  likely. 

The  MR  transparency  design,  which  utilizes  a  modified  F-16 
Forebody,  (Section  2.5)  features  an  aft-pivot  windshield/canopy  and 
a  fixed  aft  canopy  section.  The  windshield  and  forward  canopy  are 
separate  sections  attached  by  an  integral  bowframe.  This 
facilitates  producibility.  Improves  optical  i-'atures,  and  allows 
weight  reduction  by  tailoring  the  transparency  laminate  thicknesses 
to  the  expected  threat  severity  (temperature  and  birdstrika,  in 
particular)  for  the  respective  transparency  sections. 

The  windshield  and  canopy  sections  have  an  outer  two-ply 
chemically-tempered  glass  laminate  separated  from  polycarbonate 
(PC)  structural  plies  by  a  gap  filled  with  nitrogen  or  filtered 
air.  This  gap  is  subjected  to  the  same  pressure  as  the  cockpit. 
The  glass  laminate  plies  are  bonded  with  silicone  and  the  PC  plies 
are  bonded  with  urethane. 

The  outer  surface  of  the  glass  is  coated  with  a  conducting 
fils  of  either  Indium  tin  oxide  (ITO)  or  an  ITO/ATO  (antimony  tin 
oxide)  combination.  The  sheet  resistance  of  this  conducting  film 
will  be  approximately  10  ohms/square  (a  good  compromise  between 
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alcrovavtt  raflactivity  and  optical  (visual)  transmission) . 

A  second  conducting  film  layer  is  presently  designed  at  either 
the  outer  surface  of  the  second  glass  ply  or  the  outaraost  PC 
surface.  Plans  were  made  to  test  for  the  hast  location  and 
effactivanesa  of  this  filn  during  tha  datail  dasign  phasa  of  the 
prograa.  Existing  knowledge  indicated  that  the  silicone  Interlayer 
would  likely  degrade  the  performance  of  this  fila  if  it  is  placed 
between  the  glass  plies. 

The  total  PC  thickness  was  between  0.5  and  0.75  inches  in  the 
windshield  section  and  between  0.375  and  0.6  inches  in  the  canopy 
section.  Tha  aft  section  was  initially  designed  to  be  an  outer  ply 
of  0.12  inch  cheaically  tampered  glass  bonded  to  a  0.188  inch  thick 
PC  ply  with  urethane. 

An  optional  MR  laainata  design  was  maintained  in  order  to 
provide  a  window  of  opportunity  to  infuse  developing  technologies, 
particularly  materials,  into  tha  prograa  as  they  became  available. 
This  optional  laminate  called  for  a  high  temperature  outer  ply 
constructed  from  one  of  several  developing  materials:  (a)  "HTPC" 
(high^temperatura  PC)  such  as  that  being  developed  by  Hobay,  (b) 
"8240",  under  development  by  Sierracin/Sylmar,  (c)  Acriview  590 
from  Pllkington  (formerly  GACS90  from  Loral  Defense  Systems),  (d) 
AEC  from  Dow  Chemical,  (a)  Durel  from  Celanese  and  (f)  PPC  4701 
froa  General  Electric. 

The  outer  surface  coating  system  was  ^expected  to  be  that 
developed  under  the  Wl/MLPJ  Electro  Optics  II  Contract  with  Loral 
Defense  Systems,  or  a  aetallio  fila  with  a  protective  topcoat. 

The  total  length  is  slightly  over  11  feet  and  the  total  area 
is  approxlaately  39  square  feet.  The  shape  is  "Mod  2,"  i.e.,  the 
second  aodification  to  the  starting  generic  design.  Two  other 
aodiflcations  would  be  aade  before  reaching  the  final  shape. 

Air  Superiority  Mission  Configuration 

The  strongest  performance  drivers  for  the  AS  mission  are  high 
temperature  capability,  excellent  aerodynamic  shaping,  low 
signature  characteristics  and  quality  optics.  Lower  emphasis  is 
placed,  for  this  mission,  on  birdstrike  resistance  and  hardening  to 
conventional  (ballistic)  and  laser  weapons. 

The  AS  design  which  utilises  a  modified  P-15  forebody, 
features  a  fixed  bowframe  with  separate  acting  windshield  and 
canopy  sections.  The  windshield  pivots  forward  for  ease  of 
maintenance  access.  The  canopy  assembly,  which  in  itself  has  an 
integral  bowframe,  pivots  aft.  This  design  features  ease  of 
manufacturability  for  the  glass  laminates,  minimisation  of  weight 
of  the  individual  piaoes  for  ease  of  ohange-out  and  handling, 
successful  compromises  between  optica,  signature,  and 
produolbility,  and  tailorabllity  of  laminate  thickness  (and  thus 
weight)  in  the  three  sections.  As  in  the  ease  of  the  MR  design, 
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Ths  AS  dssign  is  sinilar  to  that  for  tha  HR  design  in  that  a 
glass  laainate  is  used  outboard  of  ths  PC  structural  plies  and  is 
separated  from  them  by  a  pressurized  nitrogen  or  clean^air  gap. 
The  silver  or  gold  (or  other  aetallic  alloy)  fila  is  retained  as 
optional  for  this  configuration  and  ths  PC  thickness  is  dovmdcaled 
to  reduce  weight,  since  the  priority  for  birdstrike  protection  is 
reduced  for  this  mission.  The  aft  transparency  section  featured  a 
0.188  inch  thick  PC  ply,  but  it  is  anticipated  the  PC  ply  can  be 
delated  since  the  glass  laminate  can  carry  the  aerodynamic  and 
pressurization  structural  loads. 

The  dimensional  characteristics  of  the  AS  "Mod  2"  shape 
includes  an  overall  length  of  13  feet  and  a  total  surface  area  of 
over  82  square  feet. 

Ground  Attack  Mission  Configuration 

Although  the  aerodynamic  heating  lnducod*temperature3  are  the 
least  severe  for  this  mission,  the  requirements  for  protection  from 
birdstrike,  conventional  and  laser  weapons,  and  reduced  signature 
are  high. 

The  overall  GA  configuration  utilizes  a  modified  AV*‘8B  Harrier 
forebody.  The  design  features  a  single-piece  canopy  and  subframe 
which  pivots  forward  for  excellent  ingrsss/egress^-  For  emergency 
egrass/escape,  the  canopy/ frame  pivots  aft. 

The  recommended  laminates  for  the  GA  transparency  system 
featured  a  thicker  structural  laminate  to  provide  greater 
birdstrike  protection  for  this  low-level  mission.  Slightly 
improved  ballistic  resistance  is  also  offsrsd,  although  a  secondary 
ballistic  shield  will  be  required.  Tha  outer  layer  of  tha  design 
was  targeted  to  consist  of  Loral's  GAC  580  urethane  coated  with  the 
SO  XZ  coating  system  to  protect  against  combat  and  natural  hazards. 

It  should  be  noted  that  although  transparent  ballistic  shields 
are  faaturad  in  this  design.  Kevlar-type  materials  with  cut  outs 
for  visual  sighting  were  also  considered.  A  typical  shield 
configuration  of  this  type  would  be  0.1  inch  aluminum  facing  with 
approximately  5.5  Ib/fv  Kevlar  composite. 

Tha  Mod  2  design  for  the  GA  transparency  has  an  overall  length 
of  nearly  12  feet  and  a  forward  down- look  capability  of  19.6*:  the 
bast  for  any  of  the  mission-driven  designs. 

A  Technical  Information  Plan,  a  Logistics  Support  Analysis 
Plan  and  a  System  Safety  Program  Plan  were  written  for  the  three 
NITS  preliminary  designs.  These  plans  are  covered  in  detail  in 
Rafarencas  10,  11,  and  12,  respectively. 


3.0  PHASE  2  *  PERPORHANCE  EVALUATION  AND  DETAILED  DESIGN 

3.1  Evaluation  of  Preliminary  Designs 

The  HITS  design  and  performance  requirements  were  quantified 
and  prioritized  as  described  in  Section  3.3.  The  capabilities  of 
each  preliminary  design  were  assessed  as  to  whsther  it  met  or  fell 
short  of  the  HITS  design  and  performance  requirements.  In  some 
eases  a  quantitative  assessment  (percentage  of  requirement)  was 
made.  The  assessments  were  typically  based  on  test  data  (MITS* 
generated,  subcontractor  data,  or  open  literature),  analysis, 
experience,  or  similarity  to  another  requirement.  To  illustrate, 
a  small  portion  of  the  assessment  results  are  shown  in  Table  3.1-1. 
This  table  covers  the  assessment  of  the  capabilities  of  the  HITS 
Preliminary  Designs  to  satisfy  just  10  of  the  66  quantified  and 
prioritized  performance  requirements. 

Throughout  the  detailed  design  development  of  Phase  2,  these 
assessments  were  refined  in  many  cases  by  the  various  technical 
analyzes  (birdstrike,  aerodynamic  heating,  aerodynamic  drag, 
optics,  etc) .  Concurrently,  these  refinements  were  verified  and/or 
enhanced,  where  applicable,  by  materials  coupon  testing.  The 
materials  coupon  testing  effort  and  results  are  described  on 
Section  3.3.  The  preliminary  test  plan  for  the  materials  coupon 
testing  is  covered  in  detail  in  Reference  7. 

The  complete  assessment  results  as  well  as  a  summary  by 
adssion  of  all  of  the  prioritized  design  driver  categories  and  the 
performance  requirements  are  contained  in  References  3  and  9. 

3.2  HITS  Detailed  Designs 

Multirole  Design 

The  MR  transparency  system  consists  of  three  main  components: 
a  windshield  section,  a  canopy  section,  and  a  fixed  aft  fairing. 
Separate  components  enhance  supportablllty  and  manufacturability. 
The  laminates  for  the  windshield  and  canopy  feature  two  glass  outer 
plies,  exterior  ITO  coatings,  and  a  pressurized  air-gap  between  the 
glass  plies  and  PC  structural  plies.  The  canopy  frame  assembly, 
featuring  an  aft  pivot  for  ingress/egress  and  emergency  escape, 
integrates  wlndshleld/canopy,  latch  hardware  and  emergency  system 
components  with  the  aircraft  forebody.  Dry  seels  ere  used  for  all 
transparency-to-structure  interfaces.  Common  length  fasteners  are 
utilized  along  transparency  edge  attachment  boundaries. 

The  MITS  program  Involves  not  only  transparency  design,  but 
the  design  of  forward  fuselage  structure  as  well.  The  structural 
integration  of  the  MR  transparency/fusalage  design  involved 
concurrent  engineering  in  areas  such  as  sill  plane  and  parting 
plane  locations,  crew  station  geometry  and  equipment,  and  latch 
hardware  and  resultant  support  structure. 


152 


Tabl«  3.1-1  Capablllti»»  Asseasnent  of  the  HITS  Daslgna 
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Figur*  3.2'*1  pr«Mnt«  a  cross-saction  of  tha  MR  fusalaga 
roughly  whara  tha  pilot's  faat  ara  locatad  to  show  typical 
struetura.  Convantlonal  fraaa  and  longaron  construction  vau  usad 
for  tha  HITS  MR  flghtar. 

Tha  transparancy  systaa  daslgn  haavlly  Involvad  tha  aost 
laportant  coaponant  of  an  aircraft  weapon  systaa:  tha  pilot. 
Consideration  was  given  to  vision  obscuration  dua  to  fraaa  position 
and  Head  Op  Display  (HUD)  support  structure.  Mobility  within  tha 
cockpit  Influenced  halaat/transparancy  clearance,  side  console 
space,  and  ejection  seat  gaoaatry.  Tha  location  of  structure  did 
not  Interfere  with  tha  pilot's  ability  to  parfora  a  alsslon  or  tha 
ability  to  escape  during  an  aaargancy. 
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Figure  3.2’>2  shove  vision  through  the  Ml  transparency  as  seen 
from  the  design  eye  position.  The  forward  bowfrane  placement  was 
driven  to  maximize  forward  uplook  angle.  The  bowfrane  masks  the 
transition  from  a  single  curvature  windshield  to  a  compound 
curvature  canopy.  A  high  temperature  fiberglass  straps  required  to 
iiecure  the  glass  plies  to  the  edgeframe  cause  a  slight  Increase  In 
vision  obscuration. 

The  canopy  frame  assembly  Is  the  key  to  structural 
integration*  The  frame  operates  structurally,  transmitting  flight 
and  Internal  pressure  loads  Into  the  fuselage.  The  frame  must  also 
withstand  loads  caused  by  bird  Impact  and  emergency  escape.  The 
assembly  operates  reliably  during  ingress  and  egress.  A  side  view 
of  the  canopy  frame  Is  shown  In  Figure  3.2*3.  Some  of  the  major 
detailed  parts  are  labeled. 

The  MR  transparency  geometry  was  developed  using  3*0  computer 
graphic  tools.  Figure  3.2*4  shows  the  MR  transparency  with  a 
laminate  summary.  The  transparency  contour  was  optimized  for  the 
forebody  geometry  using  design/analysis  Iterations.  Assessments  of 
performance  along  vi'ch  design  methodology  resulted  In  Integrated 
outer  mold  lines  for  MITS  designs.  Initial  modifications  were 
driven  by  signature  reduction,  yet  exhibited  poor  optical 
performance.  Final  modifications  were  driven  to  improve  optical 
performance  while  maintaining  good  signature  performance.  Other 
issues  Involved  during  the  trade  analysis  were  aerodynamics  and 
human  factors.  The  transparency  measures 11. S  ft.  in  length,  3.2 
ft.  maximum  width,  and  44.5  sq.  ft.  in  total  watted  area. 

Tmminates  for  the  windshield  and  canopy  consist  of  two  glass 
plies  laminated  with  a  silicone  interlayer.  A  prensdrized  air*gap 
separates  the  inner  glass  ply  from  the  PC  structural  loyer.  The 
glass  plies  carry  the  pressurization  load.  The  PC  plies  are  not 
pressurized;  operating  pressures  are  balanced  across  the  PC  plies 
by  the  laod*carrylng  glass  plies.  Tests  indicate  increased  service 
life  potential  for  this  configuration.  The  aft  transparent  fairing 
consists  of  a  glass/PC  laminate  with  a  photochromie*dcped  silicone 
interlayer. 

A  glass*faced  laminate  was  selected  for  the  MR  configuration 
primarily  due  to  the  durability  of  the  ITO/Glass  face  ply  under 
extreme  service  conditions.  STAPAT  thermal  analysis  predicts 
maximum  surface  temperatures  in  excess  of  360*  F.  The  air  gap 
design  insulates  the  structural  PC  ply  from  extreme  temperatures. 
Tests  conducted  during  Phase  2  indicate  eicoellent  resistance  to 
rein,  solvents,  and  abrasion. 


V 


I 


154 


tfTNWniMlf 


FIgura  3.2*3  MuIHrolt  Canopy  Framt 


Tha  MR  canopy  latching  ayatam  conalata  of  four  rotating  hooka 
on  aach  alda  of  tha  canopy  frana  oparatad  by  a  puah-pull  linkaga 
nachanlan,  and  latch  racaptacla  atuda  attached  to  flttinga  on  tha 
fuaalaga  alll  longeron.  Tha  linkaga  nachanlaa  la  oparatad  by 
ballcranka  on  a  tranavaraa  torque  t\iba  on  tha  canopy  frana.  A  pair 
of  linear  actuatora  provldaa  tha  force  to  operate  tha  latchaa  aa 
vail  aa  ralaa  and  lower  tha  canopy  aaaanbly.  A  canopy  latch 
locking  nachaniaa  la  Incorporated  In  tha  latching  linkaga  near  tha 
aacond  hook  on  tha  left-hand  alda. 

Each  hook  faaturaa  a  curved  aurfaea  of  angaganant  to  allow  tha 
canopy  to  be  cinched  down  and  accoanodata  large  dlaanalonal 
varlatlona  In  tha  hook  and  latch  racaptacla  poaltlona.  Tha  hooka 
protrude  through  opanlnga  In  th  Cotton  of  the  canopy  frana  to 
engage  tha  latch  atuda  on  tha  Inbcard  flange  of  tha  longeron.  Tha 
pilot  can  viaually  conflm  latch  angaganant  with  aaaa. 

For  accaaa  to  tha  cockpit,  tha  canopy  aaaanbly  opana  by 
pivoting  about  hingaa  at  tha  aft  anda  of  tha  frana.  Tha  canopy 
rotataa  approxlnataly  34*  to  tha  nomal,  fully-opanad  poaltion. 
Tha  actuation  ayatan  allowa  tha  canopy  to  be  atoppad  and  held  at 
any  poaltion  between  fully  cloaad  and  fully  opened. 

Tha  NR  canopy  actuation  ayatan  conalata  of  two  linear 
acrawjacka  driven  by  an  alactronachanlcal  gaar  motor  through  rigid 
drivaahafta.  Tha  output  and  of  each  acravjack  la  attached  to  a 
ballcrank  am  on  tha  canopy  torque  tuba.  Tha  length  of  tha 
acrawjack  atroka  la  approxlnataly  14  Inohaa.  Bach  acrawjack  la 
attached  to  an  actuator  aupport  fitting  mounted  on  a  atruotural 
bulkhaad  at  tha  rear  of  tha  cockpit.  Nhan  tha  canopy  la  opened, 
tha  four-point  aupport  provided  by  tha  two  hingaa  and  tha  two 
acrawjacka  makaa  tha  canopy  vary  atabla  under  axtrana  wind-load  and 
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3.2-4  Kultirole  Transparency  Geonatry 


bounce  conditions.  To  prsvsnt  a  parson  fron  being  trapped  inside 
the  cockpit  while  the  aircraft  is  on  the  ground,  a  manuallydriven 
actuation  subsysten  (hand  crank)  is  incorporated. 

The  MR  energency  systan  consists  of  devices  that  rapidly 
disconnect  the  canopy  assembly  from  its  attachments  and  propel  it 
from  the  aircraft,  plus  the  devices  to  Initiate  these  actions,  and 
the  interconnecting  network  of  explosive  lines.  Thin  layer 
explosive  (TLX)  lines  are  used  to  transfer  the  explosive  energy 
between  devices  because  they  are  very  rugged  and  easy  to  handle. 
Because  TLX  lines  are  flexible,  they  easily  accommodate  challenging 
installations.  Replacement  of  the  explosive 
initiation/transmission  hardware  with  laser  initiators  and  fiber* 
optic  transmission  lines  offers  substantial  supportability  payoff 
when  this  technology  matures  and  is  qualified. 

Installation  of  the  canopy  assembly  involves  removal  of  hinge 
support  access  covers  from  each  side  of  the  airplane.  Eccentric 
bolt  keepers  located  on  the  hinge  support  are  removed  from  each 
side  of  the  airplane.  A  sling  is  attached  to  the  canopy  assembly 
and  is  used  to  raise  and  position  the  assembly  into  place. 

The  canopy  is  tilted  aft  to  an  angle  of  47*  with  respect  to 
the  fuselage  sill  longeron.  The  canopy  is  gently  lowered  until  the 
aft  hinge  engages  the  hinge  support  fitting,  then  it  is  allowed  to 
rotate  about  the  bearing  until  the  hinge  is  captured  by  the  lower 
roller.  Finally,  the  lower  roller  eccentric  bolt  is  adjusted  and 
the  bolt  keeper  is  re-installed.  : — -- —  . 

Additional  installation  activities  involve  attaching  the 
canopy  actuator  linkage  to  the  torque  tube  and  connecting  the 
emergency  system  sequencing  lanyards.  Final  canopy  Installation 
details  involve  rigging  the  latches  to  nominal  clearances  and 
conducting  a  cockpit  pressurization  check. 

Ground  Attack  Design 

The  GA  windshield/canopy  frame  assembly  is  ehoi#n  in  Figure 
3.2-S.  The  windshield  is  desimed  to  pivot  forward  for  oool^it 
maintenance  access.  Two  windshield  retainer  fittings  are  used  to 
secure  the  windshield  to  the  forsbody.  The  windshield  bowframe  is 
also  used  to  fasten  the  assembly  to  the  fuselage.  Skin  panels 
allow  access  to  the  retainer  bolts. 

The  canopy  frame/ fuselage  sill  interface  ia  defined  by  two 
parting  planes.  A  transition  bulkhead  is  used  to  stiffen  the  frame 
assembly  at  the  parting  plane  intersection.  A  close-out  shelf  is 
used  to  stiffen  the  aft  frame  and  support  loads  from  the  hinge 
fitting. 

The  Interface  between  the  windshield  and  canopy  bowframe  is 
shown  in  Figure  3.2-6.  The  figure  shows  the  windshield  and  canopy 
bowfranes.  Also  noted  are  the  weather  seal  and  pressurized 
inflatable  seal. 
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Flyura  3.3><  Xntarfaea  Batwaan  Ground  Attack 

Windahiald  and  Canopy 


Tha  GA  Transparency  with  its  laminate  summary  are  shown  in 
Figure  3.2o7.  Since  the  GA  mission  entails  only  modest  elevated* 
temperature  demands  on  the  transparency,  an  all*plastie  laminate 
was  selected.  In  essence,  this  design  was  carried  as  a  technology 
transition  opportunity  for  insertion  of  emerging  new 
polymer/casting  systems.  It  should  be  noted  that  during  this  time 
period,  coating  systems  were  not  available  for  plastic  substrates 
that  provided  the  required  resistance  to  natural  and  combat 
hazards. 


To  accommodate  the  dual  sill  parting  planes  of  the  ground 
attack  design,  the  canopy  latching  and  unlatching  motion  follows 
the  path  of  a  large  arc  for  a  short  distance.  The  instantaneous 
center  of  rotation  of  the  canopy,  the  center  of  this  arc,  is 
geometrically  defined  by  two  lines  projected  normal  to  the  sill 
planes.  Figure  3.2*8  illustrates  how  the  instantaneous  center  of 
rotation  is  defined.  The  effective  motion  at  each  of  the  hooks  is 
approximately  straight  translation  because  of  the  large  radius  and 
the  small  arc  angle.  Each  hook  features  a  special  profile  and 
orientation  to  produce  the  desired  rotational  motion  for  the 
canopy. 


Tlie  hooka  protrude  from  the  inside  surface  of  the  canopy  frame 
to  engage  the  latch  rollers  on  the  inboard  flange  of  the  longeron. 
The  pilot  can  visually  confirm  latch  engagement  with  ease.  Hook 
fittings  and  latch  lever  fittings  are  incorporated  in  the  canopy 
frame  and  fuselage  longeron,  respectively,  to  carry  and  dlstrllmte 
the  latching  loads. -  - 


Figure  3.2*7  Transparency  Oeoaetry  For  Ground  Attack 
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Figur*  3.3*8  Xn«tantan«ous  Cantar  of  Rotation,  Ground 
Attack  Canopy 

For  accaaa  to  tha  cockpit,  the  canopy  opana  by  pivoting  about 
hingas  at  tha  aft  anda  of  tha  frana.  Tha  canopy  rotataa 
approxiaataly  34*  to  tha  normal,  fullyopanad  position.  Tha 
actuation  systaa  allows  tha  canopy  to  ba  stoppad  and  hald  at  any 
position  batvaan  fully  oloaad  and  fully  opanad. 

Figure  3.2-9  shows  tha  Ground  Attack  Craw  station  Gaoaatry. 
Tha  QA  transparency  has  tha  largest  area  of  clear  vision  for  all 
NITS  mission  designs  and  is  wall  suited  for  tha  GA  role.  Tha 
forward  bowfraaa  placaaant  was  driven  to  provide  adequate  clearance 
for  aaarganoy  escape.  Tha  bowfraaa  masks  tha  transition  froa  tha 
single  curvature  windshield  to  tha  coapound  curvature  canopy. 

Air  Superiority  Design 

In  this  section  wa  will  briefly  suaaariza  tha  primary  features 
of  tha  AS  design.  Figure  3.2-10  shows  a  side  view  of  this  design 
and  its  structural  arrangement.  Tha  transparency  systaa  consists 
of  thraa  eoaponants  that  feature  tha  same  exterior  XTO-coatad 
glass-prassuritad  gap  design  aaployad  by  tha  MR  configuration. 
Since  birdstrika  raquiraaants  era  of  lower  priority  for  this 
alssion  than  for  tha  NR  aission,  tha  PC  structural  plies  are 
thinner  in  this  ease  (3  x  0.19  in.  eoaparad  to  2  x  0.25  in.  in  tha 
windshield  area). 
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Flgur*  3.2-9  Ground  Attack  Craw  station  Gaoaatry 


Tha  vlndshlald  aaaaably  faaturaa^  a  forward-pivoting  design  for 
aalntsnancs  acesas.  The  canopy  fraas  asosably,  with  an  aft  pivot 
for  Ingrsas/agrsas,  and  saargancy  ascapa,  Intagrataa  tha 
vlndshlald/canopy»  latch  hardware,  and  saargancy  systaa  coaponants 
with  tha  aircraft  forabody.  Dry  seals  are  used  for  all  intarfacas 
between  transparency  and  structure. 

Additional  inforaatlon  pertaining  to  tha  detail  MR,  GA, 
and  AS  transparency  systaas  aay  be  found  In  Rafarancas  13,  14,  IS, 
and  16. 


An  Integrated  Support  Plan  and  a  Systaa  Safety  Plan  ware 
written  for  tha  three  NITS  detail  designs.  These  plans  are 
described  in  detail  In  References  17,  and  18,  respectively. 

3.3  Materials  and  Testing 

The  focus  of  Phase  2  aaterlals  activities  waa  on  ITO-ooated 
ehealcally-teaperad  glass  (Heroullta  II  froa  PPG  Industries)  and  on 
an  S240  high-taaperature  polyaer.  A  hlgh-teaperature  aaterlal  was 
required  for  the  NR  and  AS  aisslonsr  the  GA  alssion  does  not 
require  high  sarvlca-teaperature  capabl)  ity.  All  alsslons  require 
an  exterior  coating  systaa  to  provide  aultifunotlonal  resistance  to 
natural  and  eoabat  hasards. 
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Figura  3.2*  10  Summary  Of  Air  Superiority  Deeign  Features 


Tabla  3.3*1  ouanariaas  a  faw  of  tha  proa  and  cona  for  glaaa 
varaua  plaatle  faca*ply  aatarlala. 


Tabla 

3.3*1  Paca*Ply  Materials  Tradeoffs 

MATERIAL 

PROS/CONS 

n 

19 

Chaa*Taaparad 

•_  Hlgh*Tenp  Capability 

/ 

. — 

Glass 

•  Strong,  Easily  Coatabla 

/ 

•  Very  Durable  with  ITO 

/ 

•  Heavy,  Impact  Effects 

/ 

•  Hard  to  Pom  Compound 

/ 

Plastic 

•  Lighter  Than  Glass 

/ 

•  Generally  Easier  To  Pom 

/ 

•  Hard  to  Coat  (ITO) 

/ 

•  Raguiroa  Complex  Coating  System 

/ 

•  Limited  Service  Temp. 

/ 

Glaaa  provldaa  an  axcallent  aubatrata  for  conductlva  coatinga 
and  tha  bara  ITO  coating  provad  to  ba  vary  durabla,  anviroruBontally 
raalatant,  and  wall  auitad  to  our  high  parfomanca  raquiramanta. 
Thia  eoabination  was  tharafora  aalactad  aa  tha  windahiald  outar  ply 
for  tha  MR  and  AS  aiaaiona. 

Tranaparant  plaatica  with  highar  aarvica  tanparatura 
capability  than  PC  and  acrylic  natariala  hava  not  yat  baan 
daaonatratad  with  anvironnantallv  raaiatant  aatarlala  coatinga  at 
tha  acala  and  parfomanca  laval  raquirad  for  HITS  applicationa. 
Savaral  aatariala  ayatama  ara  in  varioua  atagaa  of  davalopaant/taat 
via  aithar  vandor,  intamal  raaaarch  t  davalopnant,  or  othar 
contract  funding.  8240  with  an  8417  coating  ayataa  wara  aalactad 
for  laboratory  avaluation  in  thia  program.  It  ia  not  yat  optimizad 
for  all  propartlaa  but  daaonatratad  proalaa  aarly  in  Phaaa  2  for 
its  davalopaant  and  scala*up  potential. 
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Pour  catttgorlos  of  toots  wsrs  conductsd  at  tho  Unlvorslty  of 
Dayton  Rasaarch  Instltuta  (UDRI),  at  PPG  Industrias,  and  at  6D/FW 
during  Phasa  2  of  tha  HITS  Basic  Program  to  aid  in  evaluation  of 
the  detailed  designs! 

o  Comparison  of  candidate  face  ply  materials  (e.g.,  rain 
erosion,  stress  craze,  abrasion) 

o  Determination  of  quantitative  performance  (e.g.,  ballistic 
fragment,  reflectivity,  transmittanco/hase) 

o  Discrimination  between  design  details  (e.g.,  hail,  endurance) 

o  Screening  of  advanced  coatings  for  Improved  service  life 
(reported  in  Section  5) . 

These  tests  and  their  results  are  described  in  tha  following 
paragraphs. 

*  MTS  Flox  Beam  *  Hail  Impact 

*  Rain  Erosion  *  Endurance 

*  Air  Cannon  *  Stress  Craze 

*  UV/VZS/NIR  Transmission  *  IR  Reflection 

*  Thermal  Shock  *  Tensile  Loading 

*  Salt  Blast  *  Photochromies 

*  Oscillating  Sand  Abrasion 

Conditioning  of  the  samples  was~  limited  to  QUV  exposure*  In 
many  cases,  tests  were  performed  on  samples  with  and  without  QUV 
simulated-weather  conditioning.  QUV  exposure  at  GD/FW  consisted  of 
repeated  cycles  of  7  hours  ultra-violet  light  at  60*  C  followed  by 
5  hours  of  condensing  humidity  at  45*  C.  The  QUV  cycle  at  UDRI  was 
essentially  tha  same  except  that  temperature  was  held  at  a  constant 
120*  F  throughout  the  entire  cycle.  The  samples  ware  generally 
conditioned  for  four  equivalent  years  using  UVB-313  lamps  and  168 
hours  per  equivalent  year.  Figure  3.3-1  shows  the  initial  and 
final  transmission  and  haze  values  (before  and  after  QUV)  of  the 
ITO/glass  and  S417/S240  samples. 

Both  the  ITO/glass  and  8417/3240  face  ply  candidates  were 
tested  at  GD/FW  in  oscillating  sand  (Bayer)  abrasion  and  salt 
impingement.  In  the  "Bayer**  test,  a  sand  **bath**  is  repeatedly 
shaken  across  the  surface  of  the  samples  up  to  600  times.  Salt 
impingement  tests  were  also  run  on  the  ITO/glass  samples  per  ASTM 
F-1128  with  slight  modification  to  the  maximum  number  of  blasts. 
Test  results  are  summarised  in  Figures  3.3-2  and  3.3-3. 

Samples  of  the  ITO/glass  and  fiberglass  strap  material  were 
tested  at  UDRI  for  their  resistance  to  fungi  per  ASTM  G-21.  Neither 
the  glass  nor  the  fiberglass  samples  supported  any  fungal  growth. 
No  significant  change  in  transmission  or  haze  was  observed  after 
exposure. 


*  Ballistic 

*  Salt  Fog 

*  Thermal 

*  QUV 

*  Optics 

*  Fungus 


% 
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Figure  3.3-3  Sitnaary  of  Oecillatlng  Sand  Haze  Results 


Thersal  Shock  tests  were  run  at  GD/Ftf  oh  XTO/glass  samples. 
The  tests  were  run  per  MIL-STO-8100^  Method  503.2,  using  a 
teaperature  range  from  -65*  F  to  4-300*  F.  No  cracking  of  the  glass 
or  coating  was  observed. 

Stress  Craze  tests  were  conducted  at  UDRX  on  both  QUV- 
conditioned  and  baseline  ITO/glass  sasples  following  the  procedure 
outlined  in  AFWAL  Report  TR-85-3125.  The  test  chemicals  used  were 
50%  sulfuric  acid  solution,  isopropyl  alcohol,  toluene,  ethylene 
glycol,  JP4  jet  fuel,  and  a  20%  MEX/water  solution.  No  crazing  of 
the  coating  was  observed  with  any  of  the  chemicals  up  to  3,000  psi 
outer  fiber  stress  level. 

Various  types  of  impact  tests  were  conducted  on  a  number  of 
candidate  laminate  designs.  Table  3.3-3  summarizes  the  impact 
response  of  comparable  "gap**  and  "no-gap**  glass-PC  designs.  The 
NITS  flex-beam  tests  were  conducted  at  2,000  Inchas/ainute 
crosshead  displacement  load  rate  (per  AFNAL  TR-85-3135) .  Ballistic 
tests  used  a  chisel  point  fragment-simulating  projectile. 
Threshold  penetration  velocities  were  used  to  rank  the  relative 
fragment  resistance  of  the  designs.  Air-cannon  impact  tests  used 
2-lnch  steel  ball  bearings  to  measure  the  velocity  and  energy 
required  to  penetrate  the  laminates.  Hail  impact  testa  were 
conducted  per  A8TM  F-320.  The  laminates  are  ranked  based  on  the 
largest  size  hail  not  causing  unacceptable  damage. 
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Tabl*  3.3**3  Sumaary  of  Inpact  Rasponsa 

-OAR  DESIGNS 


MULTIROLE 


•  MU  1ST  1C  rRACMENT 
RESI  STANCE  »  lEXOtAitO 


•  NO  SNAU 

•  COCO  OEBRISmiL 
KESISITANCE 


Table  3.3-3  indicated  that  the  laminate  designed  with  two 
plies  of  glass  with  an  air  gap  is  generally  nore  impact  resistant 
than  the  design  with  no  air  gap. 

^  and  conditioned  ITO/glass  and  S417/S240 
were  tested  for  rain  erosion  at  500  mph,  1  inch  per  hour  rainfall, 
and  30  degree  installation  angle.  The  results  of  these  tests  are 
summarized  in  Table  3.3-4  for  ITO/GLASS.  The  S417/S240  results  are 
contained  in  References  13,  14,  15,  and  16. 

Infrared  Reflectance  measurements  were  made  on  the  ITO/glass 
and  S417/S240  surfaces  for  laser  response  and  signature  assessment. 
The  reflectance  curves  are  shown  in  Figure  3.3-4.  The  reflectance 
of  the  bare  glass  surface  is  also  shown  for  comparison.  Several 
different  optical  measurements  were  run  on  the  PPG  laminate 
configuration  shown  in  Figure  3.3-5.  Transmission  measurements 
were  made  normol  to  the  samples  and  at  the  installed  position. 
Figure  3.:>-5  is  a  summary  of  the  various  optical  measurements  that 
were  performed.  None  of  the  samples  had  received  any  QUV 
conditioning. 


IMPACT  RESPONSE  IS  SIMILAR  FOR  GAP  / 


TEST 

DESIGN  1 

GAP 

NO-GAP 

Balttatie  Thraahold  ValoaUy  for 

30  eal..  **  or.  ESN 

2780  ft/aaa 

2400  ft/aac 

Air  Cannon  hanatratlon  Enargy  for 
2*Ineh,  1.18S*tb  Salt  Soaring 

6471  ft*lba 
(593  ft/aae) 

5405  fftfaa 
(542  (t/aae) 

NTS  loan  Aftar  QUV.  2000  in./ain. 
Load  Rata  ■Toughnaaa*  Enargy 

2243  In* lb 

2503  In* lb  1 

Nail  (1000  ft./aac.) 

1/2*  lea  3alt 

1»  lea  tall 

2*  lea  Sail 

No  OaMga 
9.9.2  • 

1.1 

Ho  Ommoo 

2.3,1 

9  '  turvIvM  9  Shot  E«qulr«awm 
'i  •  EaUad  on  2nd  Shot 
1  *  EoUod  on  iNt  Shot 
(Throo  SmbCoo  Each  Oaalgn) 
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Tabla  3.3*4  :CT0/Gla8s  Rain  and  Solvent  Resintance 


ITO/QLXSa  8TIR7ACg  18  RAIN  RMO  SOLVBMI*  RESISTIQIT 


1  TEST 

RESULTS 

COMMENTS 

Stress  Craze  with: 

•  Toluene 

•  50%  Sulfuric  Add 

•  Ethylene  Glycol 

•  Isopiropyl  Alcohol 

•  JP4 

•  20%  MEX 

NO  CRAZING 

•  EXCEEDS 

MITS 

REQMNTS 

•  EXTREMELY 
DURABLE 
SURFACE 

Rain  Erosion 
at  500  mph 
(After  QUV) 

Before 

83%  T 

0.4  %H 

After 

83%  T 

1.6  %H 

Coating  Removal  <  5% 

The  Multirole  Design  Should  Have  Excellent  Service  Life 
_ _ (Based  on  Outer  Surface  Tests) _ 


The  perfomance  of  several  photochroaic  materials  provided  by 
Swedlov  and  PPG  was  Investigated.  -Sample  A  was  provided  by  PPG  and" 
Samples  B  and  C  were  provided  by  Swedlow.  Transmission 
measurements  were  made  on  the  samples  while  in  both  the  colored 
(darkened)  and  bleached  (clear)  states.  These  transmission  values 
are  shown  in  Table  3.3*5  with  various  combinations  of  transparent 
plies  over  the  photochromic  material.  The  tests  were  performed 
according  to  the  procedure  outlined  in  Reference  7.  Details  of 
this  testing  are  covered  in  Reference  13. 

Tensile  Load  tests  were  performed  on  samples  of  the  ITO/glasc 
laminate  with  bonded  fiberglass  straps.  These  straps  are  drilled 
and  used  in  the  designs  as  the  structural  mounting  for  the  glass 
plies.  They  carry  the  pressure  load  from  the  glass  to  the  frame. 
Interest  was  limited  to  the  tensile  strength  of  the  glass  and  the 
bonding  adhesive.  Three  of  the  samples  failed  due  to  the  adhesive 
and  two  failed  when  the  glass  broke.  The  results  of  these  tests 
are  reported  in  References  13  and  14. 

Aeroheating  thermal  tests  were  conducted  at  PPG  Industries  on 
4*inch  X  7*inch  samples  bolted  together  to  simulate  the  bowframe 
area  between  the  windshield  and  canopy  sections  of  the  MR  and/or  AS 
transparencies.  These  results  are  reported  In  Reference  14.  The 
basic  Intent  of  these  tests  was  two-foldt  (1)  to  measuro  through* 
the*lamlnate  temperatures  for  comparison  to  STAPAT  predictions;  and 
(2)  to  compare  through*the*laminato  temperatures  for  different 
outer  bowframe  materials  (aluminum,  graphite/ epoxy,  and 
fiberglass/ epoxy)  and  different  windshield  and  canopy  laminates. 
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Sierradn  S-417/S-240 


OPTZCAXi  MSASniUSMSMT  SOMMAKY 


PROPERTY 

MEASURED  VALUE 

GOAL 

COMMENT 

%  Transnission 
(Visible) 

54%’ 

at  installed  L 

>65% 

at  installed  L 

Shortfall 

%  Transnission 
(Visible) 

70.5%  Nomal^ 
66.5%  Homal* 

%  Haze 

(Visible) 

2.8%  Nomal  ^ 

<2%  initially 

Shoirtfall 

%  Transnission 
(Infrared) 
(700-900  nn) 

50%  Nomal 

>90% 

Shortfall 

Lanina t«  Cross-Section 


ITO/.OiaS"  Glass 
0.125**  Silicone 
0.125**  Glass 
0.125**  Gap 

0.25**  Polycarbonate 
0,06**^  Urethane  -  - 

0.25"  Polycarbonate 


^  Indicates  neasurenents  rade  according  to  ASTM  D-1003 
Indicates  neasurenents  nade  according  to  AAMRL-TR-89-044 

Figure  3.3-5  Optical  Measurenent  Sunnary 

The  outer  laninate  surface  was  heated  to  approxinately  365*  P 
and  held  for  several  ninutes.  The  nost  interesting  results  fron 
these  aeroheating  tests  were  (1)  laninate  tenperatures  at  the 
outemost  PC  ply  near  the  bowfrane  bolts  were  liim  than  predicted 
and  well  below  the  naxinun  tenperature  reconnended  for  PC  use. 
Also  the  tenperatures  Inside  the  laninate  were  the  lowest  when  the 
outer  bowfrane  strap  naterial  was  fiberglass  (graphite/ epoxy 
resulted  in  the  next-lowest  tenperatures). 

Laninate  endurance  tests  were  conducted  at  PPG  in  an  effort  to 
ascertain  any  subsequent  perfomance  differences  in  the  PC 
structural  layers  for  the  gap  and  non-gap  designs.  Figure  3.3-6 
diagrans  the  cross  sections  of  the  29  inch  square  sanples. 
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Tabla  3.3»$  Photochronlc  Dlal**A~Tlnt  Test  Results 

%  TRANSMISSION 


SAMPUS  A 

SAMPLE  B 

SAMPLE  C 

OVERLAYER 

■taaehad 

Colorad 

•laaehad 

Colorad 

■laaehad 

Colored 

Kent 

91 

57 

90 

31 

66 

KEII 

0.12S"  OtaM 

0.06"  tUleoM 

0.12S"  OlMS 

70 

58 

65 

36 

55 

22 

l5fS!!99llillH 

80 

76 

73 

45 

61 

25 

0.12S"  OUm 

0.06"  tlUeoM 

0.12S"  OtM* 

*  Potyearbonat* 

62 

60 

57 

40 

49 

24 

ITO/0.12S"  Qlaaa 

74 

57 

68 

38 

57 

17 

(Response  Time  Typically  5 

•45  Seconds) 

Oeslga  Z  (Oep) 


Figure  S.S-S 


ITO/.OIZS**  Glass 
0.13^*'  Silicone 
0.125‘‘  Glass 
0.12S«  Gap 

0.25"  Polycarbonate 

0.06*  timtan* 

0.25"  Polycarbonate 

ITO/0.125"  Gl.>ss 
0.3"  Silicone  ^ 

0.25"  Polycarbonate 

0.06"  Umhant 

0.25"  Polycarbonate 
PPG  Endurance  Test  Coupons 
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Figura  3.3-7  schematically  describes  the  test  set-up.  One  gap 
design  and  one  non-gap  design  sample  are  mounted  side  by  side  in  a 
temperature/prassure  chamber  that  is  held  at  80*  F  and  pressure 
cycled  from  0-S  psi.  This  represented  the  cockpit  conditions.  The 
gap  design  sample  was  set  up  so  that  the  gap  was  always  pressurized 
to  the  "cockpit"  conditions.  The  outer  surface  of  the  samples  was 
cycled  between  -65  "F  and  +160  'F.  The  endurance  teat 
pressure/ temperature  cycle  is  shown  in  Figure  3.3**8. 


oiwonnMVMi  wfWnw 


•<»  Atimtm 


Tottaapin  Mm** 


Figure  3.3-7  Endurance  Test  Setup 


The  samples  were  "fatigued"  for  200  cycles  near  the  end  of 
HITS  Phase  2.  No  visible  differences  were  noted  In  the  PC  layers 
from  the  gap  and  non-gap  designs.  MTS-beam  hlgh-stra in-rate- 
samples  were  cut  from  the  PC  plies  of  each  sample  and  from  an 
untested  baseline  sample.  These  samples  (five  of  each  type)  were 
tested  at  UDRI  shortly  after  the  completion  of  Phase  2.  Results 
from  the  flex  beam  tests  are  summarized  in  Figure  3.3-9. 

The  tests  indicate  only  slight  differences  between  the 
three  types  of  samples.  However,  there  does  appear  to  be  a  trend 
with  the  baseline  samples  having  the  higher  energy  absorbing 
capability  followed  by  the  air  gap  design  and  then  the  silicone 
design. 

Details  of  the  results  of  the  materials  testing  covered  in 
this  section  are  shown  in  References  13,14,19,  and  16. 
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SURFACE  TEMPERATURE  fF) 


CHAMBER  PRESSURE  (PSIQ) 


3.4  Phasa  3  Demonatratof  and  Testing 

Midway  through  Phasa  2,  GD/FW  and  the  HITS  Air  For  «  customer 
agreed  that  GO/FW  should  perform  long  lead  tasks  for  t'  i  Phase  3 
full  scale  testing  effort.  These  tasks  included  expec.  ting  the 
choice  of  the  Phase  3  Demonstrator,  performing  adaptive  as 
necessary  and  generating  test  plans. 

The  original  plan  for  choosing  the  Phase  3  Demonstrator  was  to 
complete  three  detailed  HITS  Designs  (MP,  GA,  AS) ,  choose  one  of 
these  three  designs,  build  a  full  scale  version  and  test  it  in 
Phase  3.  The  choice  of  the  configuration  was  mutual  between  GD/FW 
and  the  Government:  choose  the  one  that  addresses  and  satisfies 
the  greatest  number  of  MITS  design  requirement  goals,  which  is  the 
MR  design.  However,  demonstrating  the  MR  Configuration  had  become 
a  much  greater  challenge  since  by  this  point  in  the  program,  not 
only  was  new  tooling  required  for  building  the  generic  transparency 
system  but  additional  new  tooling  was  needed  to  build  the  generic 
forebody.  This  total  tooling  cost  far  exceeded  the  program 
resources  at  hand. 

To  avoid  this  excessive  tooling  cost,  existing  tooling  was 
pursued  for  various  canopy/ forward*  fuselage  combinations  including 
the  yp-22,  YF-23,  F-15,  F-16,  and  F-18. 

The  final  choice  for  the  Phase  3  Demonstrator  was  to  adapt  the 
MITS  MR  configuration  to  an  existing  P*16  forward  fuselage,  since 
definite  advantages  were  offered  by  the  evolution  of  the  MR 
forebody  from  a  modified  F<-16  forebody  (Section  2.5). 

The  Phase  3  demonstrator  was  Intended  to  be  a  representative 
model  of  the  MITS  MR  configuration  to  be  used  in  the  Phase  3 
testing  and  evaluation  program.  Results  from  the  testing  were  to 
be  used  to  evaluate  the  capabilities  of  all  three  MITS  designs  to 
meet  their  required  perfonnance  levels. 

For  the  purpose  of  conducting  the  test  program  in  a  timely  and 
cost  efficient  manner,  the  demonstrator  was  designed  to  be 
fabricated  from  existing  F-16  hardware  reworked  into  a  MR 
configuration  (see  Figure  3.4-1). 

The  demonstrator  will  include  three  transparency  sections:  a 
forward  windshield,  a  canter  canopy  and  an  aft  fairing  as  shown  in 
Figure  3.4-2.  A  forward  bowframe  splice  will  be  added  to  the 
canopy  frame  to  separate  the  windshield  and  the  canopy  sections. 

Windihltld 

The  windshield  seotion  will  use  the  same  glaas/gap  laminate  as 
that  defined  for  the  MR  design  (Figure  3.4-3)  and  will  be  contoured 
with  a  single  curvature  shape  to  provide  the  best  optics  and 
produoibility  possible  with  the  glass  plies.  The  glass  outer  ply 
will  be  covered  with  an  ITO  coating  for  good  electrostatic  drain 
and  hazard  resistance. 
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Th«  adgo  attachment  design  (Figure  3.4-4)  will  include  a  "dry  seal" 
around  the  periphery  to  reduce  removal  and  replacement  times  and  a 
steel  mesh  grounding  system  to  pass  static  charge  from  the  ITO 
coating  into  the  canopy  frame. 

Cangpy 

To  minimize  the  amount  of  rework  required  on  the  canopy  frame, 
the  canopy  section  will  not  include  any  glass  plies  and  will  retain 
its  original  P-16  shape  (Figure  3.4-5).  The  laminate  will  include 
a  high  temperature  polymer  face  ply  with  a  multi-functional  coating 
applied  to  simulate  the  use  of  these  types  of  materials  on  the  GA 
design.  The  edge  attachments  will  include  a  "dry  seal"  to  enhance 
removal  and  replacement  times. 

AltLlairinq 

The  aft  fairing  section  will  be  constructed  with  inner  and 
outer  plastic  plies  separated  by  an  interlayer  with  a  photochromic 
dye  (Figure  3.4-6).  This  will  demonstrate  a  variable  tint 
capability  to  reduce  glare  and  cockpit  temperature.  The  aft 
fairing  is  fuselage-mounted  and  will  retain  its  original  F-16 
shape. 

The  extent  of  the  rework  required  on  the  demonstrator  hardware 
to  install  the  new  transparency  sections  will  be  in  the  area  of  the 
forward  windshield/bowframe  integration.  The  new  shape  defined  for 
the  windshield  will  require  the  canopy  frame  attachment  flanges  to 
be  modified  since  the  simple  curvature  produces  an  Inboard  shift  of 
the  windshield  surfaces  (Figure  3.4-7).  This  modification  can  be 
accomplished  with  a  minimal  amount  of  new  detail  parts,  Including 
the  bowframe  and  a  few  sections  of  new  attachment  flange  (Figure 
3.4-8).  No  modification  to  the  forward  fuselage  section  is 
anticipated  beyond  installing  the  aft  fairing. 

As  noted  in  Figure  3.4-9,  eight  types  of  testing  are  planned 
for  demonstrations  during  Phase  3.  The  test  article/ fixtures  to  be 
used  range  from  a  full  transparency  system  mounted  on  an  actual  F- 
16  forward  fuselage  (birdstrike  tests)  to  a  full  transparency 
system  mounted  on  a  "table-top"  fixture  (durability  test)  to 
coupons  (laser  tests).  A  thorough  description  of  each  of  the 
planned  tests  is  given  in  Reference  19. 


4.0  REBASELINE  OP  PHASE  3 

Upon  completion  of  Phase  2,  both  the  Air  Pores  and  GD/PW  HITS 
Program  Managers  agreed  that  due  to  new  knowledge  gained  that  a 
rebaselining  of  Phase  3  would  allow  much  better  results  and  more 
efficient  operation  of  the  HITS  Program.  Therefore,  the  Government 
and  GD/PH  began  the  contractual  process  for  rebaselining  Phase  3. 
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rigur*  3.4*3  Oomnstrator  Windshiald  Configuration 


WINDSHIELD  EDGE  ATTACHMENT 


HtCH  W*i>  ■ 

fmpomss 

STtUPS  (4  I 


riguro  3.4*4  Windohiold  Bdgo  Attaohaant 


CANOPY  CONSTRUCTION 


LAMINATE 


HITS  — 

Mjtrx- 

nuCTZONM, 

COATING 

srsw* 


POOTECTlve 

COATING 


•NIGH  Tcm 
POLTNEIt 

*iN7sm.Artif 


•POLT- 

CAGttONATt 


CANOPY  SECTION 
FEATURES  AN  ALL 
PLASTIC  LAMINATE 
WITH, 

•  MI*rSM>  FACE  PLY 

•  advanced 
multi-functional 

COATING  SYSTEM 

V  CONDUCTIVE 

V  AaifASION/ 

SOLVENT  neSISTANT 

V  scnEcrivE 

•  GROUNDING 
BUSHINGS 
(ELECTROSTATIC 
DISCHARGE) 

•  DRY  SEAL 
AT  EDGE 
attachment 


Figure  3  *  4-S  OMMnstrator  Canopy  conatsuotlon 


AFT  FAIRING  CONSTRUCTION 


THE  AFT  FAIRING  CEMONSTRATEit 
•DIAL’-A-TINT'  GLARE  REDUCTION 
CAPABILITY 

^  OOOO  ROPOMSE  TDf 
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Figure  3.4*8  Denonstrator  Detail  Parts 
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As  dapictad  in  Rafarancas  1,  20,  2\,  and  32,  tachnical 
inforaation  transfar,  tasting  and  producibility  and  pra-plannad 
product  inprovanant  wars  plannad  for  Phaaa  3.  Unfortunataly, 
during  this  sana  tins  pariod,  HITS  Govarnnant  funding  sourcas 
undanrant  drastic  reductions  as  a  result  cf  aavara  fiscal 
constraints.  Consequently,  the  HITS  Air  Force  Custoner  was 
coapelled  to  request  that  GD/FW  terminate  the  Basic  part  of  the 
NITS  Program  for  their  convenience.  That  termination  is  being 
complatad  at  present. 

Fortunately,  enough  funding  was  salvaged  to  allow  GD/FW 
(now  LFWC)  to  continue  on  with  an  Advanced  Canopy  Coatings  Add»On 
Project  that  had  been  negotiated  during  the  early  stages  of  Phase 
2.  The  Advanced  Canopy  Coatings  Project  is  described  in  Section  5. 

5.0  ADVANCED  CANOPY  COATINGS  PROJECT  (ACCP) 

S.l  ACCP  -  Phaaa  3 

Within  the  overall  scope  of  the  HITS  program,  extra  focus  and 
resources  were  devoted  to  the  goal  of  increased  service  life.  A 
"project,"  known  as  the  HITS  Advanced  Canopy  Coatings  Project 
(ACCP)  was  conducted  with  two  primary  objectivoat 
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*  D«nonstrat«  a  coating  with  a  4*yaar  sarvica  life 

*  Develop  a  teat  nethodology  (lab  tests)  to  validate  that 

service  life 

While  the  goals  of  the  total  HITS  effort  typically  required 
nultlfunctional  exterior  coatings  systems,  probably  including  a 
metallic  or  Betal<-oxide  layer,  the  kCCP  efforts  had  fever 
requirements  and  did  not  necessarily  include  the  need  for  an 
electrically  conductive  layer. 

In  general  the  following  groundrules  were  adhered  to  during 
the  coatings  project:  no  new  materials  were  to  be  developed; 
multiple  sources  were  used  for  manufacture  and  test;  service  life 
was  the  single  most  important  goal;  HITS  target  requirement  levels 
were  used  as  ranking  criteria;  and  near  term  demonstration  on  the 
P-16  transparency  was  planned.  A  bare  (non-metal lized)  PC 
substrate  was  used  as  the  baseline,  but  metallized  versions  were 
also  Included  in  the  testing  effort  for  possible  future 
implementation . 

The  technical  approach,  detail  testing  and  coatings  test 
results  for  this  phase  of  the  ACCP  are  presented  in  a  separate 
paper,  entitled  Advanced  Canopy  Coatings  that  appears  elsewhere  in 
this.  Air ^  Force-  document.:-  ■  - — - 

5.2  ADVANCED  CANOPY  COATINCS  PROJECT  (ACCP)  -  PHASE  3 

Phase  2  ACCV  tasting  results  indicated  that  four  coatings 
looked  very  promising  under  "worse-case"  conditions  with  excellent 
bare  and  metallized  substrate  combinations.  These  four  coatings 
were  Pilkington's  6831  EG  (Enhanced  Sold)  and  6832,  PPG's  5300 
liner  and  Texstar's  C659. 

The  original  ACCP  contract  called  for  purchasing  up  to  ten 
P-16  canopies,  each,  for  applying  two  of  the  aforementioned 
"promising  four"  coatings.  The  coated  P-16  canopies  were  to  undergo 
optical,  durability,  blrdstrike,  and  flight  testing  at  government 
facilities.  Then  the  testing  methodology  developed  during  Phase  2 
was  to  be  revised  based  on  the  full-scale  test  results. 

At  the  time  the  HITS  Air  Force  Customer  requested  that  GD/FW 
rebaseline  the  basic  part  of  the  HITS  Program  (Section  4)  the 
Government  requested  that  Phase  3  of  the  ACCP  be  rebaselined,  also. 

The  ACCP  rebaseline  process  is  almost  complete  and  deviates 
from  the  original  plan  in  two  areas:  (l)  Production  F-16  laminates 
have  been  replaced  by  two  advanced  laminates  and  (2)  All  four 
transparency  manufacturers  are  participating  rather  than  two  as  the 
original  budget  allowed  for.  The  plan  for  the  rebaselined  Phase  3 
of  ACCP  is  shown  in  Figure  5.2-1.  Texstar,  PPG,  Pilkington,  and 
Sierracin  are  all  now  underway  to  provide  the  following  for  the 
Advanced  Canopy  Coatings  Project:  (1)  Oncoated  F-16  forward 
transparencies  (Sierracin,  Texstar)  and  (2)  extended  life  coating 


systana  applied  to  these  transparencies  (Pilkington,  PPG) .  Texstar 
will  lay  up  a  two-ply  PC  laminate  and  PPG  will  cast  their  5300ta 
liner  as  the  outer  ply  to  this  laminate.  Texstar,  with  PPG*s 
support,  will  then  form  this  combination  to  the  F-16  shape. 
Concurrently,  Sierracin  will  lay  up  and  fora  a  three-ply  laminate 
consisting  of  two  outer  PC  plies  and  an  acrylic  inner  ply  to  the  F- 
16  shape.  Pilkington  will  then  flow  coat  the  outer  surface  of  this 
laminate  with  their  6831  Enhanced  Gold  coating  system. 

At  present  Texstar  has  **laid  up"  two  units  with  the  2  ply 
laminate  "  in  the  flat"  with  acceptable  optics  and  has  shipped  them 
to  PPG.  PPG  has  cast  their  5300  liner  to  these  two  units  and  is  in 
the  process  of  shipping  them  back  to  Texstar  for  forming  to  the  F- 
16  shape.  Successful  forming  of  these  two  units  at  Texstar  will 
pave  the  way  for  batch  processing  of  the  remaining  units. 

Concurrently,  Sierracin  has  formed  two  "3-ply"  laminates  and 
has  delivered  one  of  these  units  to  Pilkington.  Pilkington  is 
preparing  to  apply  their  6831EG  coating  to  the  Sierracin  unit. 

Present  plans  call  for  the  HITS  ACCP  coated  canopies  to  be 
available  for  Government  testing  beginning  January  1994  and 
extending  through  July  1994.  The  ACCP  Phase  3  is  planned  for 
completion  in  the  fall  of  1994. 
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Figure  5.2-1  Rebaselined  ACCP  Phase  3  Activities 


6.0  SUMMARY,  PAYOFFS  FOR  THE  HITS  PROGRAM 

The  MITS  Program  was  able  to  establish  a  number  of  design 
"firsts'*  for  transparency  systems. 


Approximately  forty-five  prioritized  design  drivers  resulted 
from  the  three  mission  definitions  used  for  this  program.  In 
addition  to  those  prioritized  and  quantified  target  levels  for  a 
wide  variety  of  performance  features,  an  additional  40-f>  areas  of 
concern  were  considered  during  the  design  process. 


A  design  methodology  was  implemented  to  accomplish  the 
required  technology  integration.  This  methodology  featured 
iterative  interaction  between  technical  specialists  and  designers. 
The  specialists  analyzed  particular  requirements  and  recommended 
design  features  to  satisfy  those  requirements.  The  designer  then 
Integrated  these  features  into  an  overall  design.  The  process 
featured  tradeoffs  and  consensus  decisions  via  a  modified  "quality 
function  deployment"  process  and  successfully  accomplished  several 
key  design  trades  such  as  optics-RCS-aerodynamics. 


The  two  HITS  subcontractors,  PPG  and  Sierracin/Sylmar, 
participated  in  all  stages  of  the  requirements  analyses,  tradeoff 
processes,  and  consensus  design.  At  one  stage  of  the  design 
activities,  the  subcontractors  regularly  traveled  to  Fort  Worth  and 
met  with  the  designers  and  specialists  to  drive  in  concert  toward 
satisfactory  design  integrations. 

These  manufacturers  cooperated  with  GD/FW  and  with  each  other 
to  not  just  react  to  requirements  but  to  act  and  recommend  design 
features. 


In  order  to  achieve  the  required  high  temperature  capability 
and  to  extend  the  transparency  service  life,  a  pressurized  "air 
gap"  design  was  selected  for  the  MR  and  AS  configurations.  This 
gap  is  to  be  pressurized  with  dry  air/gas  to  the  same  pressure  as 
the  crew  compartment.  Consequently,  the  PC  structural  layers  thus 
do  not  "flex"  with  pressure  changes  and  potentially  will  have  a 
significantly-improved  service  life. 

The  two  ply  glass  outer  laminate  is  thus  separated  from  the 
two  ply  PC  laminate,  thereby  reducing  thermal  mismatch  problems. 

Changeout  of  the  outer  ply  is  also  facilitated  by  this  design, 
and  less  haze  is  measured  due  to  the  reduced  amount  of  silicone 
interlayers,  for  example. 
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Conputer'-automated  diagnostic  and  analysis  tools  were  used  to 
facilitate  the  technology  integration  process  early  in  the  design 
process.  Although  true  Integrated  Product  Design/Concurrent 
Engineering  was  not  achieved  (due  to  the  insufficient  level  of 
maturity  of  the  analytical  tools) ,  substantial  interaction  was 
accomplished  between  analysis  and  design  to  define  trade  directions 
and  g[uantify  performance  expectations. 


Developmental  high  temperature  candidate  surface  ply  materials 
were  evaluated  and  matured  during  the  HITS  efforts.  The  potential 
for  use  of  these  materials  was  assessed  and  a  materials  scaleup 
program  was  defined  to  alleviate  this  technology  shortfall  in  high 
temperature  plastic  materials. 

The  6A  mission  configuration  was  designed  to  accommodate  an 
all-plastic  laminate  in  order  to  provide  a  technology  insertion 
opportunity  for  developing  multifunctional  external  coating 
systems.  The  Phase  3  demonstrator  canopy  section  was  also 
configured  to  allow  substitution/ insertion  of  the  best  available 
high  temperature  material  and  coating  systems. 


All  surface  contours  were  defined  with  a  common  CATI A  3-D  data 
set,  so  that  designers  and  analysts  had  a  common  set  of  models  on 
which  to  work.  This  allowed  aeroheating,  aerodynamics,  optics,  and 
signature  analyses  to  be  accomplished  with  the  identical  contour 
being  worked  by  the  design  team. 

In  addition  to  these  "firsts"  for  transparency  systems,  the 
MITS  Program  has  allowed  for  the  first  time  an  opportunity  to 
concentrate  on  genetic  transparency  systems  design  at  the  prime 
contractor  and  subcontractor  levels  to  identify,  quantify  ,  and 
prioritize  all  pertinent  design  requirements.  MITS  has  allowed  the 
pursuit  of  these  requirements  by  applying  the  most  advanced 
technologies  and  analysis  techniques  while  utilizing  the  most 
advanced  materials  with  maximum  participation  of  transparency 
manufacturers. 

Four  MITS  detailed  designs  with  the  following  features: 

(1)  Forward  Integral  Bowsplice 

(2)  ITO  Coated  Glass  Windshield 

(3)  Single-Acting  Aft  Pivot 

(4)  Static  Discharge  Reduction 

(5)  Non-Curing  Dry  Seals 

(6)  Multi-Functional  Coatings 

(7)  Variable  Solar  Tint 

(8)  Supportability  Enhancements 


that  encompass  all  pertinent  mission  profiles  have  been  developed 
to  the  following  levels: 

(1)  RCS  Reduction 

(2)  Blrdstrike  Protection 

(3)  Aeroheating  Por  Mach  «  2.5 

(4)  Four- Year  Service  Life 
(Potential  Air  Force  Savings:  $250M) 

(5)  Four-Hour  Change-Out/Two  Technicians 

(6)  Laser  Protection 

Finally,  HITS  has  allowed  the  latest  multi-functional  polymer 
surface  coatings  to  be  developed  and  to  be  demonstrated  on  flying 
F-16  production  canopies  and  full  scale  testing  to  replace  the 
outer  acrylic  ply  by  a  protected  PC  ply  -  a  significant  improvement 
in  F-16  service  life,  while  featuring  non-curing  dry  seals, 
electrostatic  discharge  prevention,  and  variable  solar  tint. 
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r-15  Adrane«d  Transparency  Davalopaant:  A  Team  Approach 

Xat  Lfc  Guy  Graening,  Wright  Laboratory 

ABSTRACT 

The  success  of  the  F-15  Advanced  Transparency  Program  can  be 
attributed  to  a  team  approach  that  combined  the  goals  of  many 
organisations  into  a  final  product  that  offers  a  unique 
combination  of  improved  performance  and  reduced  cost.  Hie 
changing  mission  of  the  F-15  aircraft  combined  with  recent 
advancements  in  transparency  design  opened  up  an  opportunity  to 
develop  an  advanced  transparency  system  for  the  P-15.  The 
challenge  involved  bringing  together  individual  organizations  and 
creating  a  design  that  would  meet  the  demands  of  the  anticipated 
combat  environment  of  the  year  2000. 

The  team's  work  began  with  the  Fighter  Requirements,  Safety, 
and  Logistics  offices  of  HQ  ACC  defining  current  areas  of 
improvement  and  needs  of  future  systems.  The  goals  began 
materializing:  4  year  service  life,  4  hour  change  out,  500  knots 
birdstrike  resistance.  Warner  Robins  ALC  needed  to  lower  unit 
cost  and  could  benefit  greatly  if  the  windshield  was 
interchangeable  between  F-15A,B,C,D,  and  E  models.  Wright 
Laboratory  drew  upon  UDRI,  JATTIC,  and  the  F-15  Systems  Program 
Office  to  investigate  the  performance  and  logistical 
characteristics  of  the  current  F-15  transparency  system  as  well 
as  various  candidate  advanced  systems.  The  teeun  investigated 
birdstrike  capability  and  risk,  service  life  factors,  and  optical 
requirements. 

The  initial  review  of  current  and  candidate  designs  resulted 
in  a  proposed  advanced  cross-section  and  frame.  Sierracin 
Corporation  manufactured  two  prototypes  to  help  the  team 
demonstrate  the  program  goals.  The  advanced  prototype  underwent 
500  knot  birdstrike  testing,  optical  evaluation,  fit  check,  and 
flight  evaluation  with  the  involvement  of  McDonnell  Douglas, 

AEDC,  Armstrong  Laboratory,  and  the  4€th  Test  Wing. 

The  combined  effort  of  all  these  organizations  has  resulted 
in  the  recent  qualification  and  upcoming  transition  of  the 
Advanced  Windshield  which  features  an  interchangeable  laminated 
polycarbonate  windshield  panel  that  is  bolted  to  a  reusable, 
quick  change  out  frame.  The  Advanced  Windshield  will  save  nearly 
$20,000  per  change  out  in  the  future  and  can  be  maintained  with 
the  current  maintenance  procedures.  The  F-15  Advanced 
Transparency  Team  will  continue  to  apply  the  successful  team 
approach  to  inqprove  this  new  design  with  an  abrasion  resistant 
coating.  In  the  future,  a  spall-resistant  HUD  and  an  Advanced 
Canopy  could  compliment  the  Team's  Advanced  Windshield. 
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Introduction 


Twenty  years  after  its  introduction  to  the  Air  Force 
inventory,  the  F-15  fighter  will  have  an  advanced  transparency 
system  that  incorporates  many  mature  technologies.  The  timing 
could  not  be  better.  The  role  of  the  F-IS  has  changed 
dramatically,  placing  demands  on  system  components  originally 
designed  for  a  different  operational  environment. 

Today  the  F-IS,  especially  the  Strike  Eagle  model,  flies  low 
altitude  missions  which  require  increased  birdstrike  protection. 
In  addition,  the  F-IS  must  respond  to  decreasing  funding  for 
maintenance  and  spares.  These  factors  placed  en^hasis  on 
lowering  unit  cost,  extending  the  service  life  of  the 
transparency,  and  reducing  aircraft  downtime  fcr  change  out.  The 
demand  for  increased  performance  at  reduced  cost  challenged  the 
key  organizations  in  the  F-15  community  to  develop  an  advanced 
transparency  system. 


Oiseussion 


The  challenge  to  develop  an  advanced  transparency  for  the 
F-15  was  risky  and  coit^jlicated  for  an  individual  organization  to 
handle  alone.  Forming  individual  organizations  into  a  team  to 

solve  a  problem  was  not  a  new  idea,  but  convincing  them  to  be _ 

participating  stakeholders  from  the  beginning  was  a  newer 
approach  that  ensured  success.  Several  organizations  had  goals 
for  the  advanced  transparency  system  that  appeared  to  be  in 
conflict  with  each  other.  Headquarters  Air  Combat  Command  needed 
a  windshield  that  provided  500  knots  of  birdstrike  protection  for 
the  aircrew  and  could  be  changed  out  in  four  hours.  Warner 
Robins  Air  Logistics  Center  (WR-ALC)  needed  to  lower  unit  cost 
and  maintain  a  four  year  service  life.  The  F-15  Systems  Program 
Office  wanted  a  windshield  that  was  interchangeable  between  the  A 
through  D  and  E  models. 

Wright  Laboratory  (WL)  also  had  an  interest  in  the  F-15  and 
could  provide  the  spark  that  would  ignite  the  effort  and  bring 
the  individual  organizations  together  into  a  team.  WL  was  eager 
to  find  a  customer  for  mature  technologies  such  as  laminated 
polycarbonate,  computer  modeling  of  the  birdstrike  event,  and  dry 
seals.  A  series  of  technology  demonstrations  on  the  F-15  would 
help  WL  transition  products  and  would  reduce  the  risk  for  the 
F-15  community's  involvement  in  the  program. 

Wright  Laboratory  could  not  develop  the  prototype 
windshields  for  the  technology  demonstrations  alone.  WL  worked 
with  Sierracin  Corporation  through  a  research  contract  with  the 
University  Of  Dayton  Research  Institute  (UDRI)  to  design  a  cross- 
section  similar  to  the  A-7  and  F-4  wrap-around  prototypes.  The 
cross-section  was  composed  of  two  structural  plies  of 
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polycacbonate  to  provide  the  desired  birdstrike  resistance. 

Inner  and  outer  plies  of  acrylic  were  added  to  maintain  the 
current  field  polishing  procedures  (Figure  1) .  Two  prototype 
panels  were  fabricated  and  bolted  into  F^IS  A/B  aluminum  frames 
supplied  by  WR-ALC. 

With  two  prototypes  built,  the  technology  demonstrations 
began.  The  first  prototype  underwent  successful  optical 
evaluation  at  Armstrong  Laboratory  according  to  the  production 
specification.  The  prototype  was  then  installed  on  aircraft  F-IS 
101  by  the  46  Test  wing,  Eglin  Air  Force  Base  in  September  1991. 
The  flight  evaluation  would  convince  the  F-lS  community  that 
laminated  polycarbonate  can  withstand  the  fighter's  demanding 
flight  environment. 

The  second  prototype  underwent  birdstrike  testing  at  Arnold 
Engineering  Development  Center  (AEDC) ,  Arnold  Air  Force  Base. 

The  F-15  Systems  Program  Office  and  McDonnell  Douglas  Corporation 
provided  test  assets  such  as  the  forward  fuselage,  Head->Up 
Displays  (HUD),  and  support  structure.  The  windshield  was 
inpacted  at  the  high  quarter  at  493  knots  with  a  four  pound  bird. 
The  panel  contacted  the  wide  field-of-view  HUD  combiner  glass 
which  had  caused  failure  in  the  production  acrylic  windshield 
The  polycarbonate  windshield  panel  remained  structurally  intact, 
but  the  aft  arch  deflected  1.5  inches  allowing  bird  to  penetrate 
the  cockpit.  In  addition,  the  production  acrylic  canopy  and  the 
HUD  combiner  shattered.  The  test  proved  that  the  F-15  could  have 
-500  toots  protection  for  the  windshield  with  a  properly  designed 
aft  arch.  It  also  highlighted  the  need  for  an  Advanced  Canopy 
and  a  •Tough"  HUD  that  would  compliment  the  birdstrike 
characteristics  of  the  Advanced  Windshield. 

The  initial  technology  demonstrations  helped  convince 
WR-ALC  to  invest  $1.8  million  into  designing  a  production  version 
of  the  Advanced  Windshield.  The  Joint  Aircraft  Transparency 
Technology  Insertion  Center  assisted  WR-ALC  in  writing  the 
Statement  of  Work  to  ensure  that  the  Advanced  Windshield  would 
meet  performance  and  logistical  requirements.  Sierracin  was 
awarded  the  development  contract  which  included  the 
responsibility  to  develop  and  manufacture  the  entire  frame. 
Sierracin  chose  UDRI  as  a  consultant  to  design  the  aft  arch. 
Wright  Laboratory  would  acconplish  the  qualification  testing  with 
the  help  of  the  46th  Test  Wing  and  AEDC.  At  this  point,  the 
individual  organizations  had  invested  considerable  assets  in  the 
F-15  Advanced  Transparency  Program  and  were  committed  to  ensuring 
a  team  success. 

The  development  contract  began  with  improving  the  prototype 
design.  Several  arches  were  proposed  that  would  decrease  the  1.5 
inch  deflection  experienced  with  the  prototype  in  the  aluminum 
frame.  MAGNA  and  X3D,  finite  element  codes  specifically  designed 
for  analyzing  bird  impact,  were  used  to  evaluate  each  arch 
geometry  and  material  combination.  The  team  selected  the  cross- 
section  shown  in  (Figure  2)  which  did  not  interfere  with  the 
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pilot  line  of  sight  and  enabled  the  panel  to  be  lifted  out  for 
quick  change  out.  Nickel  718  alloy  (Inconel)  was  chosen  for  the 
arch  material  because  the  analysis  predicted  it  would  limit  arch 
deflection  to  0.6  inches,  providing  the  best  chance  of  clearing 
the  HUD  and  protecting  the  canopy  (Figure  3).  The  desire  to 
avoid  HUD  combiner  glass  spall  and  canopy  fracture  warranted  the 
extra  cost  and  machining  time  required  for  the  nickel  arch. 

Along  with  the  birdstrike  performance  goal,  the  team 
emphasized  supportability  requirements  on  an  equal  basis  in  the 
design  of  the  Advanced  windshield.  The  design  featured  a  dry  seal 
applied  to  the  panel  at  the  factory  that  eliminated  the  long 
aircraft  downtime  for  sealant  curing.  Bushings  and  nut  plates 
were  incorporated  to  achieve  the  quick  change  out  and 
interchangeability  goals. 

With  the  preliminary  design  selected,  the  team  moved  on  with 
fabrication  of  test  units  and  500  knot  birdstrike  qualification 
testing.  The  new  assembly  was  impacted  at  503  knots  with  a  four 
pound  bird  resulting  in  a  failure  of  the  polycarbonate  panel  in 
tension  along  the  bolt  line.  The  nickel  arch  sustained  no 
apparent  damage,  but  the  canopy  and  HUD  were  shattered.  A  post 
test  analysis  indicated  that  the  arch  began  to  deflect  until  the 
panel  tore.  The  team  needed  to  shift  emphasis  in  the  design  to 
prevent  the  catastrophic  failure  mode. 

The  arch  was  redesigned  so  that  a  "safe"  failure  mode 
controlled  the  strength  of  the  panel  edge  bolted  to  the  arch.  — — 
Originally,  the  team's  design  philosophy  was  to  optimize  the  edge 
strength  such  that  all  failure  modes  (tensile  failure  of  the 
panel,  fastener  shear  failure,  and  shear  tear-out)  were  equally 
likely.  The  number  of  fasteners  in  the  arch  was  reduced  so  that 
fastener  shear  failure,  the  "safest*  or  least  catastrophic  mode, 
would  occur  first.  If  fasteners  failed,  energy  would  be 
dissipated  before  shear  tear-out  would  occur.  Tensile  failure  of 
the  panel  would  occur  last  after  two  energy  absorbing  failure 
modes.  To  further  reduce  risk  of  catastrophic  failure,  the  team 
revised  the  arch  with  a  longer  bottom  flange  to  lower  loads  in 
the  edge  attachment. 

The  redesigned  Advanced  Windshield  recently  passed  the 
birdstrike  resistance  performance  goal.  The  redesigned  nickel 
arch  succeeded  in  supporting  the  laminated  polycarbonate  panel 
during  a  506  knot  birdstrike.  In  fact  the  arch  limited 
deflection  enough  to  protect  the  production  canopy  from  damage. 
However,  the  arch  rould  not  limit  deflection  enough  to  prevent 
contact  with  the.  HUD  as  predicted  in  the  analysis.  The  HUD 
combiner  spalled  and  further  emphasized  the  need  for  a  Tough  HUD. 

Since  the  F-15  Advanced  Transparency  Team  had  such  success 
at  506  knots,  a  second  assembly  was  impacted  at  544  knots. 

Again,  the  windshield  passed  with  little  structural  damage  and 
protected  the  production  canopy.  To  solve  the  problem  of 
combiner  glass  spall  from  the  previous  test,  the  Team  applied  a 
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urethane  liner,  5300  by  PPG  Industries,  to  the  HUD  combiner.  In 
theory,  the  liner  would  act  as  a  safety  net  to  contain  glass 
spall.  Although  the  liner  deflected  some  debris,  glass  still 
spalled  in  the  cockpit.  A  safer  solution  must  be  found  that 
provides  complete  protection  and  does  not  interfere  with  optical 
and  durability  requirements  of  the  HUD. 


After  meeting  and  exceeding  the  birdstrike  resistance 
performance  goal,  the  team  pressed  ahead  with  other  milestones  in 
the  development  contract.  A  fit  check  of  the  Advanced  windshield 
was  conducted  to  verify  sill,  canopy,  and  external  de-ice  duct 
interfaces.  A  kit  proof  will  follow  to  demonstrate  quick  change 
out,  interchangeability,  and  Technical  Order  procedures.  The 
Advanced  Windshield  will  conclude  the  development  contract  with 
flight  evaluation  at  operational  environments  such  as  Eglin, 

Luke,  and  Elmendorf  Air  Force  Bases. 

The  F-15  Advanced  Transparency  Team's  efforts  have  broadened 
beyond  the  development  contract.  The  Team  has  focused  on 
in^roving  the  durability  of  the  Advanced  Windshield  from  harsh 
environmental  factors  such  as  sand  abrasion  and  rain  erosion. 
Several  proven  durability  coatings  were  applied  to  production 
parts  for  flight  evaluation.  If  the  coatings  increase  the 
service  life  of  the  production  windshield,  they  will  be 
incorporated  into  the  design  of  the  Advanced  Windshield. 

For  the  future,  the  Team  will  tackle  the  Tough  HUD  and 
Advanced  Canopy  projects  to  complete  the  P-IS  Advanced 
Transparency  system.  The  canopy  presents  a  chal..enqe  in  that 
achieving  increased  birdstrike  resistance  will  aft'-ot  the  egress 
requirement  for  ejection  through  the  canopy.  Texstar 
Incorporated  has  joined  the  Team  to  fabricate  prototype  laminated 
polycarbonate  canopies.  Soon,  the  Team  will  demonstrate  the 
maximum  birdstrike  protection  possible  without  increasing  system 
weight.  The  Advanced  Canopy  project  will  finish  with  an 
investigation  of  methods  to  balance  aircrew  protection  from 
birdstrike  and  safe  egress. 
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The  F-15  Advanced  Transparency  Team  will  soon  see  their 
investment  begin  to  payoff  in  terms  of  increased  performance  and 
reduced  cost .  The  advanced  windshield  increases  birdstrike 
protection  to  544  knots  for  birds  up  to  four  pounds.  The 
advanced  windshield  will  be  available  as  a  preferred  spare  for 
$26  thousand  including  the  frame  and  kit  compared  to  the  current 
price  of  $35  thousand.  Follow  on  replacement  panels  will  be  $12 
thousand  and  could  easily  ivicorporate  a  durability  coating. 
Change  out  time  will  be  five  man-hours  compared  to  the  current 
time  of  56  man-hours.  Interchangeable  panels  will  reduce  the 
logistical  cost  of  the  aircraft  and  increase  war-fighting 
capability. 

In  the  future,  the  F-IS  Advanced  Transparency  Team  will 
concentrate  on  improving  the  Advanced  windshield  and 
complementing  it  with  a  Tough  HUD  and  Advanced  Canopy.  The 
performance  of  the  Advanced  Windshield  can  be  improved  with  a 
durability  coating  and  a  high  temperature  outer  ply.  To  provide 
con^jlete  mission  compatible  birdstrike  protection  to  the  aircrew, 
the  HUD  combiner  and  the  canopy  must  be  able  to  withstand  the 
forces  associated  with  a  544  knot  bird  impact.  These  future 
challenges  are  formidable,  but  the  F-15  Advanced  Transparer'^ 
Team  has  developed  an  approach  based  upon  investment,  comr'i ront, 
and  cooperation  that  ensures  success. 
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ABSTRACT 

Due  to  increased  high-speed  flight  training  at  low  altitudes,  T-38  aircraft  flight 
crews  need  additional  protection  from  windshield  bird  Impacts.  A  windshield 
providing  protection  to  400  knots  from  a  4-lb  bird  impact  has  already  been 
developed,  but  a  compatible  frame  is  needed  to  support  the  windshield  during 
the  bird-impact  event  while  also  improving  flight  crew  visibility  and  frame 
durability.  This  paper  covers  the  work  to  date  in  developing  a  composite 
windshield  frame  to  meet  flight  crew  needs.  The  frame  developed  for  this 
-  program  was  the  result  of  beam  coupon  and  full-scale  frame  evaluations  of  -  - 
numerous  hybrid  laminates  of  materials  including,  graphite,  Kevlar,  S-2 
fiberglass,  and  stainless  steel  sheet.  High  strain  rate  testing  of  the  hybrid 
laminated  beam  coupons  was  performed  to  identify  mechanical  properties  for 
use  in  a  finite  element  model  used  to  perform  an  analysis  of  different 
configurations.  Full-scale  bird-impact  testing  was  then  performed  on  selected 
configurations.  Testing  showed  the  best  design  to  be  a  S-2  fiberglass  and 
stainless  steel  sheet  laminate.  Prototypes  of  the  frame  have  been  completed 
and  are  being  installed  on  T-38  aircraft  for  flight  evaluation  by  the  United  States 
Air  Force  and  the  National  Aeronautics  and  Space  Administration. 

iNTRODUCTION 

Due  to  increasing  low  altitude  high  speed  flight  training,  T-38  aircraft  have 
incurred  an  increased  number  of  windshield  bird  strikes  and  penetrations.  As  a 
result  of  this  increased  danger  to  the  T-38  flight  crews,  the  Air  Education  and 
Training  Command  (AETC)  needed  an  improved  windshield  system  to  meet 
mission  and  flight  safety  needs.  The  Wright  Laboratories  Improved  Windshield 
System  Program  Office  (WL/RVR)  developed  and  flight  tested  an  improved 
windshield  system  which  met  the  flight  safety  requirements.  The  WL/FiVR 
windshield  system  consisted  of  a  tapered  hybrid  composite  reinforced 
magnesium  frame  and  a  PPG  Industries  developed  laminated  polycarbonate 
with  PPG  5300  outboard  liner  windshield.  The  tapered  hybrid  composite 
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reinforcement  developed  by  the  University  of  Dayton  Research  Institute  for  the 
WUFIVR  reinforced  the  arch  of  the  existing  magnesium  T-38  windshield  frame. 
The  hybrid  composite  consisted  of  a  mix  of  Keviar  and  S-2  fiberglass  in  an 
ei^xy  matrix;  was  tapered  from  the  thickest  point  at  the  center  of  the  arch  to  the 
thinnest  at  each  side  on  the  arch  frame  interface,  and  was  bonded  and  bolted  to 
the  existing  arch  of  the  windshield  frame.  This  system  successfully  meet 
AETC's  requirement  of  withstanding  a  4-lb  bird  impact  at  400  knots  (reference 
6).  However,  flight  testing  of  the  system  showed  the  hybrid  composite 
reinforcement  restricted  the  instructor  pilots  forward  visibility.  Also,  corrosion  of 
the  aging  cast  magnesium  frames  forced  the  T-38  System  Program 
Management  Office  (SA-ALC/LAS)  to  investigate  replacing  all  T-38  magnesium 
frames. 

The  SA-ALC/LAS  initiated  an  effort  to  develop  a  composite  frame  to  replace 
the  hybrid  composite  reinforced  magnesium  frame.  The  effort  focused  on 
developing  a  replacement  frame  that  would  work  with  the  already  developed 
improved  windshield  while  improving  pilot  visibility.  Full  scale  composite 
frames  with  constant  cross-section  arches  of  Kevlar  in  an  epoxy  matrix  and 
Kevlar,  S-2  fiberglass,  and  graphite  in  an  epoxy  matrix  were  developed  and 
proved  unsuccessful.  A  joint  effort  between  the  USAF  Advanced  Composites 
Program  Office  (ACPO),  WL/FIVR,  SA-ALC,  and  AETC  was  then  initiated  to 
develop  a  frame  to  meet  the  flight  safety  and  mission  needs. 

This  paper  covers  the  work  under  this  jouii  effort  that  successfully  developed 
a  bird-impact  resistant  composite  windshield  frame  for  the  T-38  aircraft. 

The  active  support  of  Mr  Chris  Szczepan,  SA-ALC/LAS,  is  gratefully 
acknowledged.  It  is  his  never-ending  efforts  to  provide  the  T-38  flight  crews  with 
improved  flight  safety  that  resulted  in  this  program  successfully  developing  a 
windshield  system  that  increases  the  T-38's  windshield  bird-impact  resistance. 

DISCUSSION 

The  goals  of  this  effort  was  to  develop,  prototype  and  test  a  composite 
windshield  frame  with  an  arch  no  thicker  than  1.01  inches,  require  no 
modifications  to  the  aircraft  structure  and  would  work  With  the  already 
developed  bird-impact  resistant  windshield  to  provide  400  knot  4-ib  bird-impact 
resistance,  minimize  installation  procedures,  and  improve  damage  tolerance 
and  repalrability  compared  to  the  existing  cast  magnesium  frame.  To 
accelerate  the  prototyping  effort,  the  tooling  developed  under  past  T-38 
composite  frame  efforts  was  used  to  manufacture  the  new  composite  frames 
(reference  4). 

The  approach  used  in  developing  a  successful  T-38  bird-impact  resistant 
windshield  frame  was  to  first  review  past  windshield  arch  designs,  develop  and 
test  beam  coupons  representing  arch  cross-sections,  perform  a  finite  element 
analysis  on  cross-sections  showing  improvements  over  past  designs, 
manufacture  full-scale  prototype  frames  of  designs  selected  in  the  finite  element 


analysis,  bird-impact  test  the  selected  frames,  and  then  flight  evaluate  the 
frames  that  performed  the  best  in  the  bird-impact  testing. 

Windshield  Arch  Design 

To  work  efficiently  with  the  windshield,  the  arch  must  be  designed  to  yield  just 
before  the  windshield  is  expected  to  fail,  if  the  arch  is  too  stiff,  the  transparency 
may  tear  out  at  the  bolt  holes  or  allow  the  bird  to  punch  through.  If  the  arch  isnl 
stiff  or  strong  enough  the  arch  will  deflect  too  much  and  allow  bird  debris  to 
enter  the  cockpit  and  endanger  the  flight  crew. 

The  development  of  the  T-38  arch  tapered  hybrid  composite  reinforcement 
(reference  6)  led  to  successful  hybrid  composite  arches  for  the  A-7  (reference  2) 
and  F-4  (reference  3)  aircraft.  Both  the  A-7  and  F-4  windshield  systems  using 
the  hybrid  composite  tapered  arches  successfully  withstood  4-ib  bird  impacts  at 
speeds  in  excess  of  480  knots.  It  initially  appeared  that  these  efforts  provided 
enough  infomation  to  quickly  select  the  materials  and  manufacture  T-38 
prototype  frames,  however,  both  the  A-7  and  F-4  hybrid  composite  arches  were 
over  1.5  inches  thick  and  the  T-38  arch  couldn't  be  more  than  1.01  inches  thick. 
Thus,  additional  arch  cross-sections  of  materials  were  evaluated  to  identify  1.0 
inch  thick  beam  coupons  with  mechanical  properties  that  could  meet  the 
expected  loading  transmitted  through  the  windshield  to  the  frame. 

To  be  successful,  the  arch  needed  an  increased  stiffness  and  strength  over 
the  two  designs  that  failed  to  support  the  windshield  in  the  earlier  development 
effort.  The  new  arch  had  to  resist  deflecting  until  the  windshield  had 
approached  shear  failure  at  the  arch  bolt  holes.  Once  the  windshield  nears  its 
maximum  shear  load  capacity  and  the  bird  debris  have  passed  over  the 
canopy-arch  interface,  the  arch  needs  to  deflect  and  rotating  to  assist  with 
absorbing  and  dissipating  the  load  transferred  from  the  windshield 

For  a  controlled  deflection  of  the  arch  to  occur,  the  arch  had  to  be  designed  to 
yield  first  at  the  centerline.  Past  arch  development  efforts  (reference  1)  showed 
the  stress  in  the  structure  away  from  the  centerline  should  be  less  than  85%  of 
the  value  at  the  arch  centerline  when  the  arch  begins  to  deflect.  The  load  the 
arch  must  dissipate  was  identified  by  first  estimating  the  maximum  shear  load 
the  windshield  can  withstand  from  a  8-inch  bird-impact  foot  print: 

Pw 

Tu 
t 

wb 


-  Tutwb  (1) 

«  shear  strength  of  windshield 
•  thickness  of  windshield  structural  plies 

«  width  of  bird  footprint 
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For  the  T-38  windshield  with  a  polycarbonate  thickness  of  0.6  inches  and  an  8 
inch  bird  footprint,  Eq  1  gives: 

Pw  *•  (5400  psi)  (0.60  in)  (8  in)  *  25,920  lb  s  26,000  lb 

Thus,  the  load  required  to  yield  the  T-38  arch  needed  to  be  less  than  26,000  lb. 

BEAM  COUPON  SELECTION  and  TESTING 

To  identify  improved  arch  cross-sections,  a  test  program  (reference  1)  was 
conducted  to  characterize  the  mechanical  properties  of  various  thick  hybrid 
composite  materials  to  include  known  arch  cross-sections  of  past  failures. 
Twenty-five  different  laminate  configurations  were  formed  from  combinations  of 
Kevlar-49,  8-2  glass,  graphite,  and  301  stainless  steel  in  an  epoxy  matrix. 

Three  coupons  of  each  cross-section  were  loaded  in  bending  using  a  four-point 
beam  test.  Test  results  included  beam  flexural  strength,  bending  modulus, 
energy  absorbed  during  loading,  and  failure  mode  of  the  laminate. 

The  test  results  were  evaluated  to  identify  beam  coupons  with  improved 
mechanical  properties  over  the  properties  of  the  past  failed  cross-section 
coupons.  The  stacking  sequence  of  the  coupons,  geometric  end  physical 
properties,  and  test  results  are  identified  in  Appendix  A. 

Three  beam  coupons  of  each  cross-section  were  fabricated  into  1*x3*x14” 
laminates.  These  laminates  were  autoclave  cured  at  250  degrees  F  with  90  psi 

-  _  for  two  hours.  Eight  holes  were  drilled  in  each  beam  coupon  to  better  simulate 

the  actual  arch  cross-sections,  in  one  set  of  25  different  laminated  beam 
coupons  1/4  inch  grade  5  bolts  were  used,  1/4  inch  grade  8  bolts  were  used  in 
another  set  of  the  25  different  samples,  and  5/16  inch  grade  8  bolts  were  used 
in  the  remaining  set.  The  various  bolts  were  used  to  identify  changes  in 
mechanical  properties  due  to  the  different  bolt  strengths.  Beam  coupons  with 
bolt  placements  are  shown  in  Figure  1,  with  four  point  beam  coupon  test 
configuration  and  load  fixture  are  iiiustrated  in  Figure  2.  Ail  tests  were 
conducted  at  approximately  1000  in/min  displacement  rate  to  a  total 
displacement  of  2.5  inches. 

The  amount  of  deflection  in  the  beam  coupon  needed  to  develop  the  similar 
stress  from  the  maximum  allowable  full  size  arch  deflection  was  determined  to 
be  1.25  inches  (reference  1).  Table  5  in  Appendix  A  shows  the  normalized 
energy  absorbed  for  the  coupons  to  deflect  to  1 .25  inches.  Seven  arch  cross- 
sections  showed  increased  energy  absorption  compared  to  the  AFA  beam 
coupons  which  were  the  best  of  the  past  failed  arch  cross-sections.  Five  of 
these  cross-sections  were  selected  for  further  evaluation. 
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Fig*  2  Four  Point  Bend  Test  Configuration 


PINITE  ELEMENT  ANALYSIS  of  SELECTED  LAMINATES 


A  nonlinear,  static  finite  element  model  of  a  simulated  T-38  arch  was  used  for 
the  analysis.  The  analysis  was  performed  by  the  University  of  Dayton  Research 
Institute,  UDRI,  under  contract  from  WL/FIVR.  The  model  allowed  the  effects  of 
different  properties  of  the  five  laminates  and  tapering  the  arch  to  be  evaluated 
based  on  a  variety  of  criteria.  Analysis  criteria  included:  arch  strength,  energy 
absorption,  centerline  deflection  and  rotation,  failure  location,  and  reactions  at 
the  sill  attachment.  The  results  of  the  finite  element  analysis  of  the  prototype 
composite  arch  were  compared  with  baseline  cases  developed  from  arch 
systems  which  had  been  previously  tested. 

The  finite  element  method  was  used  for  the  modeling  and  analysis  of  the  aft 
arch  system.  The  computer  program  MAGNA  was  used  because  of  its 
nonlinear  analysis  capabilities  and  familiarity  to  UDRI.  A  nonlinear,  static  model 
of  the  structure  was  used  for  all  of  the  analyses. 

Rgure  3  depicts  the  finite  element  model  of  the  T-38  aft  arch  system. 
Directions  for  loads,  displacements  and  rotations  used  in  the  remainder  of  this 
paper  refer  to  the  coordinate  system  shown  in  this  figure.  Due  to  symmetry  of 
the  arch,  only  one-half  of  the  arch  was  modeled.  The  model  consisted  of  three- 
node  curved  beam  elements. 

Boundary  conditions  were  set  by  centerline  symmetry  and  sill  interface 
requirements.  Only  v-displacements  and  8x  rotations  were  permitted  at  the 

centerline.  To  model  the  &z  rotational  stiffness  of  the  structure  at  the  sill,  a 
spring  was  included  one  element  away  from  the  sill  attachment.  The  spring  had 
a  stiffness  of  2000  Ib/in  and  connected  nodes  37  and  40  as  shown  in  Figure  3. 

Loads  consisted  of  equal-magnitude  vertical  nodal  loads  applied  at  the  6 
nodes  closest  to  the  centerline  which  correspond  with  the  4  inch  half  width  of 
the  bird  footprint.  For  ail  runs  except  baseline  4  (where  plasticity  was  included) 
the  loads  were  applied  incrementally  until  the  highest  axial  stress  in  the  arch 
exceeded  the  ultimate  stress  for  the  laminated  material. 

Five  finite  element  cases  of  past  T-38  bird-impact  tested  frames  were  run  for 
baseline  results  and  22  cases  were  run  to  study  the  5  hybrid  composites 
selected  in  the  beam-coupon  testing.  Baseline  case  1  was  the  original 
magnesium  arch.  Baseline  cases  2  and  4  were  a  4130  steel  tube  reinforced 
magnesium  arch.  Baseline  cases  3  and  5  evaluated  the  composite  reinforced 
magnesium  arch.  Appendix  B  gives  the  centerline  section  properties  of  the 
various  baseline  and  prototype  arches.  As  shown  in  reference  1 ,  the  prototype 
arch  cases  analyzed  the  effects  of  arch  taper  on  each  of  the  5  hybrid  composite 
materials.  Figure  4  shows  the  regions  of  taper  used  in  the  analysis. 
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Figure  3.  Beam  Clement  Model  of  T-38  Windshield  Aft  Arch. 


EVALUATION  RESULTS 


Twenty-seven  cases  were  analyzed  with  the  finite  element  method.  All  cases 
except  baseline  case  4  were  run  until  the  axial  stress  at  the  most  highly 
stressed  location  on  the  arch  reached  the  allowable  stress  of  the  material. 
Baseline  case  4  was  run  until  a  1-inch  deflection  was  achieved  at  the 
centerline.  The  values  of  the  analysis  for  the  prototype  arches  were  compared 
to  the  analysis  values  in  baseline  4  and  5. 

Values  at  peak  load  are  summarized  in  Table  1.  This  table  shows  the  forces 
acting  on  the  windshield  and  fuselage  at  the  load  required  to  yield  the  arch. 

The  peak  load  was  used  to  determine  the  maximum  load  which  the  windshield 
had  to  carry  for  each  case.  These  values  are  lower  than  the  26,000  lbs  which 
was  the  maximum  expected  shear  strength  of  the  transparency. 

The  best  measure  for  predicting  the  performance  of  an  arch  during  bird- 
impact  is  the  total  energy  required  to  deflect  the  arch.  Since  an  arch  deflection 
of  3  inches  was  expected,  the  strain  energy  to  deflect  the  arch  by  this  amount 
was  chosen  for  use  in  comparing  the  different  cases.  As  shown  in  Table  1,  only 
materials  PF  and  TF  had  an  absorbed  energy  at  3  inches  of  deflection  which 
exceeded  that  of  the  composite  reinforcement  (baseline  case  5). 

In  order  to  ensure  the  arch  yields  initially  at  the  centerline,  it  is  desirable  to 
limit  the  stress  at  ail  other  places  around  the  arch  below  soma  fraction  of  the 
centerline  stress.  Since  the  composite  reinforcement  (baseline  case  5)  showed 
an  acceptable  yielding  pattern  in  bird-strike  tests,  the  stress  distribution  for  this... 
case,  shown  in  Figure  5.  was  used  as  a  baseline  for  the  prototype  arches. 
Comparison  of  Figure  6  with  Figure  5  shows  the  stresses  at  the  aft  outer 
location  for  all  five  tapers  of  material  PF  were  within  the  stress  envelope  of 
baseline  case  5.  Comparison  of  Figure  7  with  Figure  5  shows  the  stresses  at 
the  forward  inner  location  for  material  PF  cases  which  taper  to  less  than  0.875 
inch  at  the  sill  exceed  the  stress  distribution  of  baseline  case  5.  Thus,  large 
amounts  of  taper  could  cause  the  arch  to  fail  away  from  the  centerline. 

SELECTION  of  ARCH  DESIGNS 

Based  on  the  finite  element  analysis,  prototype  arches  from  materials  TF  and 
PF  were  recommended  for  full-scale  evaluation.  The  analysis  showed  arches 
of  materials  TF  and  PF  failed  non-catastrophically,  and  absorbed  a  large 
amount  of  energy  after  first  ply  failure.  To  reduce  the  loads  reacted  by  the 
fuselage,  the  arches  were  recommended  to  be  tapered  to  0.875  inch  at  the  sill. 

It  was  assumed  that  the  arch  made  of  material  TF  would  behave  in  a  similar 
manner  to  the  steel-tube  reinforced  magnesium  arch.  The  increased  mass  of 
material  TF  relative  to  the  steel-tube  reinforcement  was  expected  to  reduce  the 
amount  of  deflection  relative  to  the  steel  reinforcement.  While  material  PF  was 
thinner  than  the  composite  reinforced  magnesium  arch  the  analysis  suggested 
that  material  PF  would  perform  in  a  similar  manner  as  the  composite 
reinforcement. 
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One  of  the  goals  of  this  program  was  to  maximize  the  use  of  already 
developed  tooling.  The  tooling  provided  was  designed  for  basically  a  constant 
cross-section  arch.  Thus,  further  analysis  (reference  1)  was  performed  to 
identify  a  basically  constant-geometrically-shaped  arch  which  had  a  tapering 
stiffness.  The  analysis  indicated  that  replacing  some  of  the  outer  0®  plies  with 
90®  plies  v/ould  reduce  the  stiffness  by  the  required  amount,  but  would  also 
cause  a  reduction  in  strength.  Only  bird-impact  testing  would  show  how  the 
reduction  in  strength  would  affect  the  arch  performance. 

WINDSHIELD  FRAME  MANUFACTURING 

From  the  finite  element  analysis,  modified  arch  designs  of  PF  (named  PFL) 
and  TF  (named  PFH)  were  manufactured  at  the  Sacramento  Air  Logistics 
Center,  McClellan  AFB,  California  (SM-ALC).  As  noted  earlier,  the  designs 
were  modified  to  taper  the  stiffness  of  the  arch  without  geometrically  tapering 
the  arch.  The  designs  were  also  modified  to  allow  for  reduction  in  the  number 
of  materials  required  for  manufacturing.  As  a  result,  all  unidirectional  material 
was  replaced  with  fabric  material  and  all  Kevlar  material  was  replaced  with  S-2 
fabric  material.  The  frames  were  manufactured  in  the  same  manner  as  the 
earlier  tested  composite  frames  (reference  4).  The  SM-ALC  modified  the 
existing  tooling  provided  and  the  designs  of  the  metal  hardware  for  the  frame  to 
correct  for  fit  problems,  ease  the  manufacturing  process,  and  allow  for  easier 
field  repair  when  needed. 

BIRD  impaCTTESTING 

Bird-impact  testing  of  frame  designs  PFL  and  PFH  were  conducted  at  PPG 
Industries,  Huntsville,  Alabama  (reference  5).  Transparencies  of  the  already 
successfully  400-knot  bird-impacted  and  flight  tested  PPG  5300  liner/ 
polycarbonate  design  were  installed  on  the  frames.  The  windshield  system  was 
then  installed  on  a  T-38  forward  fuselage  section  for  bird-impact  testing.  New 
acrylic  panels  were  placed  in  the  student-piiot  canopy  frames  used  and 
repaired  in  past  bird-impact  testing.  Bird-impact  location  was  on  the  windshield 
centerline  at  9-inches  forward  of  the  aft  arch  edge.  The  windshield  installation 
angle  of  27.5  degrees  was  fixed  to  represent  the  aircraft  in  a  straight-and-level 
attitude.  Camera  triangulation  data  was  used  to  develop  arch  and  windshield 
deflection  data.  Testing  was  performed  with  4-lb  birds  at  402  knots. 

The  windshield  frame  with  the  PFH  arch  design  performed  the  best  with 
maximum  deflection  of  the  windshield  system  at  approximately  3.5  inches 
(Figure  9)  and  no  bird  debris  in  cockpit.  The  PFL  arch  windshield  frame  design 
performed  in  a  similar  manner  as  the  composite  reinforced  arch  magnesium 
frame  with  maximum  windshield  deflection  being  approximately  4.0  inches 
(Figure  8)  and  allowed  some  bird  debris  in  the  cockpit.  The  student  pilot 
canopies  in  both  test  incurred  damage.  Testing  film  footage  showed  the  canopy 
damage  occurred  when  the  arch  rebounded  from  the  deflection  and  not  from 
any  bird  debris  impacting  the  canopy.  The  caropy  frame  used  in  this  testing 
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Figure  8.  FRAME  PFL  BIRD  IMPACT  RESULTS 
DEFLECTION  vs  TIME 
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Figure  9.  FRAME  PFH  BIRD  IMPACT  RESULTS 
DEFLECTION  vs  TIME 
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was  one  that  had  received  extensive  damage  from  past  bird-impact  testing  and 
was  bolted  and  welded  together  to  retain  the  shape  needed  to  hold  the  canopy 
transparency.  Thus,  the  canopy  failures  were  attributed  to  the  weakened 
canopy  frame  and  not  the  windshield  arch  design.  Only  testing  with  flight 
quality  canopy  frames  would  show  how  the  canopy  would  perform  when  the 
windshield  incurs  a  similar  type  of  bird-impact. 

STATE  Of  PROTOTYPE  FRAME  PROGRAM 

As  a  result  of  the  bird-impact  testing,  the  composite  windshield  frame  design 
with  the  PRH  arch  was  chosen  for  flight  evaluation.  Two  frames  have  been 
manufactured  by  SM-ALC  and  delivered  to  PPG  Industries  for  windshield 
Installation.  After  windshield  installation,  one  windshield  system  will  be 
provided  to  Randolph  AFB.  Texas  and  the  other  frame  will  be  provided  to  NASA 
in  Houston.  Texas  for  flight  evaluations.  Upon  completion  of  flight  evaluation, 
six  additional  windshield  systems  will  perform  a  long-term  field  evaluation  on 
variousT-38  aircraft  at  operational  bases.  The  AETC  and  SA-ALC  are  expected 
to  make  a  production  decision  during  the  long-term  field  evaluation.  Once  a 
production  decision  is  made,  the  SM-ALC  will  complete  the  tooling,  design  and 
manufacturing  data  needed  to  reproduce  the  composite  frames.  This  data  will 
be  provided  to  SA-ALC  for  follow-on  spare  procurements. 

SUMMARY 

A  T-38  aircraft  composite  windshield  frame  with  an  arch  consisting  of 
— laminated  S-2  glass  fabric  and  stainless  steel  sheets  in  an  epoxy  matrix  has  - 
been  successfully  developed.  With  the  PPG  industries  5300 
liner/polycarbonate  windshield  the  frame  meets  the  design  goals  of 
withstanding  the  impact  of  a  4-lb  bird  at  400  knots.  The  frame  also  meets  the 
design  goals  improved  damage  tolerance  and  increased  repairability  through 
use  of  composite  materials,  and  requires  no  changes  to  existing  fuselage 
structure  or  installation  procedures  of  existing  cast  magnesium  windshield 
frames. 
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APPENDIX  A 


T-38  BEAM-COUPON  PHYSICAL  AND 
MECHANICAL  PROPERTY  DATA 

K.  Beam-Coupon  Stacking  Sequence  (Table  1) 
iv.  Composite  Material  Specifications  (Table  2) 

V.  Beam-Coupon  Geometric  and  Physical  Properties  (Table  3) 
vii.  Beam-Coupon  Test  Data  Summary  (Table  4) 
ix.  Beam-Coupon  Hybrid  Composite  Materials  Summary  (Table  5) 
X.  Figure  1.  Beam-Coupon  Post-Test 
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TABLE  1 

STACKING  SEQUENCE  FOR  COMPOSITE  BEAMS 

Cross* 

Sseeton 

Dssignselon*  Lsy>Up  ** 

AF  [(0j^)tr(±45j^),(0j^)t(±45j^)4]2  (±45^)a <0^)t  (±45j^)4 (0^)» 

AO  [  C(0,^)s(±45j^)(Oj^)s<±A5^),3^(Oj^)t  ]^(±45^),(±45j^) 

AFA  II<0^)t/(±  45j^)]a{(0j^)T/(±45j^))j[05^)4/(±455^)]s]^ 

(±45j^),<±45j^) 

BO  I  (±45j^),  (Oj^),i  (0g^)4a  l,(*43^^)s  <±45^^) 

CO  ( (±45j^)  4  (0^)  1 1  (Og^)  a  (0^)  ,  (Og^)  »  (0^)  •  (0^^) ,  (Oj^)  4  (Og ^5 1  a  (0^^)  j  (0^^)  i  •  I  ^ 

(±45^),  (±45^) 

DO  ((±45^^)*t<0sg)a<0^^)ali4(0j^)s],(±45^^)4(*45^) 

EO  I  (Oj^) ,  X  (±45^)  <0sg)2 (0^), (±45^)  (Og^)* (0^).  (±43^)  <05^)7  (Oj^) 4  (±43^)  (Og^) , , 

- 

EF  ( (Oj^)  7  (±45j^)  (Og^)  (Oj^)*  (±45^)  (Og^),  (0^)4  (±45j^)  (Og^)  s  (Oj^)  a  (±45j^)  (Og^) ,  (0^)  a 

<±43^)<0gg)s]^  (±43j^)4(±43^) 

FO  [ t (0^) 1 1 <0g^) , (0^) , (Ogg) , (0^) , (Og^) 7 (Oj^) 4 (Ogg) X  a (0^) a ) I (±43^) • (Og^) i s ]  ], 

(±43,^),  (±45,^) 

CO  ( ( (0^) X  X  <Ogg)a (0^). (Ogg), (0^), ) [ (±43^), (0gg)7 (0^)4 (Og^) x  a  <0^)9 (Osg>  * • 

<±43^^),<±45^) 

JO  (<±45^)a((0gj.)/(0^)i,l4(±45^)a],  (±45^^). (±43^) 

KF  [(<0^)a/<0g^)ja<0^)»,(±45j^)(0g^)4(0j^),<±43^)(0g^),(±43^)a  (±43^^)* (±45^) 

LF  ( l(0^)a/(0s^)l4(0^)T(±45^)(0gg)i(0,^)i(±45gg)(0sg),(±  ASg^)  (±  45^^)«(t45^) 

(A)  11 
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TABLE  1  (continued) 


HF  (t(0^)a/(0g^.)lT(±45j^)(0g^)4(0j^)4(±45g^)(0g^)t(±455^)  (±4Sj^^)«  (±45^) 

NF  (t(03g)/(0j^)4l4(±45^)(05g)4(0j^).(±455^)(0g^)T(±45gg)  (i45j^^),(±45^.) 

OF  [{(0g^)/<0j^)4l4<*45jj)(0jj)n(*45^)(0j^>,(±45^)  (t45^^).<±45j^) 

PF  Is  <*^5sgw>‘<*^53g) 

RF  t  (Og^^)  (Oj^) , ,  <±45j^)  (Osg). (0,,).  (±455^)  (Oj^) ,  1  (±455^)  1 ,  (±45j^^).  (±45j^) 

SF  ( (Og^^)  (Oj^). (Og^^)  (Ogg). (0j^)4  (±45g^)  (Osg).  (±45g^) ) ,  (±45^^^) .  (±45^) 

TF 

«F  [[l<0^)/(0gg)l4<±45^)]4(0gg),(±45.^),)^  (±45^).(±45j^) 


*Soeond  lotcor  of  crosa«s«eelon  Idontlflcesion  doslgnatot  matorial  supplitr, 
whoro: 

0  -■  Ferro  . . . .  -  - - 

F  «  Flberlce 

KEY: 

k  Kevlar  49 

kw  Kevlar  wrap  *** 

Sg  S»2  glaaa 

Sgw  S«2  glass  wrap*** 

«  Graphite 

Sc  O.OIS"  301'>l/2  hard  stainless  steel 

Sea  0.063"  301«l/4  hard  stainless  staal 

s  Synmetrie 

T  Total 

**  (Core  structural  plies]  (outer  wrap  plies)  (single  ply  to  splice  seam 
in  final  wrap  ply) 

***  Wrap  pliss  3  outsr  plies  that  encase  inner  structural  core  plies. 
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TABLE  3 

GEOMETRIC  AND  PHYSICAL  PROPERTIES  OP  COMPOSITE  SPECIMENS 


SPECIMEN 

BOLT 

DENSITY 

WIDTH 

THICKNESS 

AREA 

MOMENT  OF 

ID 

DESIGN 

INERTIA 

LBS/CO  IN 

IN 

IN 

SO  IN 

IN*  4 

AO-1 

1/4*  GOS 

0.0501 

3.9815 

1.0315 

3.0456 

0.2648 

AO-2 

S/16*  QD8 

0.0495 

2.9670 

1.0350 

3.0708 

0.2741 

AO- 3 

1/4*  008 

0.0499 

2.9750 

1.0350 

3.0494 

0.3670 

AP-1 

1/4*  GDS 

0.0490 

2.8200 

1.0200 

2.8764 

0.3494 

AP-2 

1/4*  GDS 

0.0492 

2.8150 

1.0220 

2.8769 

0.2504 

AF-3 

1/4*  G08 

0.0492 

2.8470 

1.0230 

2.9135 

0.3540 

APA-1 

1/4*  GDS 

0.0550 

2.9635 

1.0930 

3.2391 

0.3225 

APA-2 

S/16*  GD8 

O.OS39 

2.9760 

1.1490 

3.4194 

0.3762 

AFA-3 

1/4*  008 

0.0S39 

3.9530 

1.1750 

3.4698 

0.3993 

BO-1 

1/4*  QOS 

0.0S8S 

3.1280 

1.0150 

3.1749 

0.2726 

BO- 2 

S/16*  G08 

0.0568 

3.0300 

1.0550 

3.1966 

0.2965 

BO-3 

1/4*  GD8 

0.0542 

3.2150 

1.0630 

3.4175 

0.3218 

CO-1 

1/4*  GDS 

0.0568 

2.9715 

1.0590 

3.1468 

0.2941 

CO-2 

S/16*  6C8 

0.0578 

2.9495 

1.0175 

3.0011 

0.2589 

CO-3 

1/4*  G08 

0.0S69 

2.9550 

0.9975 

3.9476 

0.2444 

00-1 

1/4*  GDS 

0.0580 

3.0075 

1.0305 

3.0992 

0.2743 

00-2 

S/16*  G08 

0.0557 

2.9160 

1.1135 

3.2470 

0.3355 

DO- 3 

1/4*  G08 

0.0567 

2.9230 

l.l’^tO 

3.2738 

0.3422 

00-lA 

1/4*  GDS 

O.O5T9 

2.9560 

r.0226 

3 i 0210 

0.2630 

00-2A 

S/16*  GD8 

0.0570 

2.9600 

1.0330 

3.0281 

0.2641 

DO- 3  A 

1/4*  008 

0.0572 

2.9370 

1.0100 

2.9664 

0.2522 

CO-1 

1/4*  605 

0.0564 

2.9600 

1.0410 

3.0814 

0.2783 

CO- 2 

5/16*  6D8 

0.0570 

3.9215 

1.0250 

2.9945 

0.2622 

CO- 3 

1/4*  GDS 

0.0569 

3.9470 

1.0200 

3.0059 

0.3606 

EF-1 

1/4*  GDS 

0.0556 

2.8130 

1.0180 

2.8636 

0.2473 

EF-2 

5/16*  008 

0.0558 

2.8120 

1.0200 

2.8682 

0.2487 

BF-3 

1/4*  GD8 

0.0560 

2.8260 

1.0125 

3.8613 

0.2444 

FO-1 

1/4*  GOS 

0.0513 

2.9905 

1,1750 

3.5138 

0.4043 

FO-3 

S/16*  608 

0.0578 

2.9120 

1.0215 

2.9746 

0.2587 

FO-3 

1/4*  008 

0.0579 

2.9535 

0.9825 

2.9018 

0.2334 

GO-1 

1/4*  GOS 

0.0569 

2.9425 

1.0465 

3.0793 

0.2810 

GO-3 

5/16*  608 

0.0566 

3.9490 

1.0560 

3.1141 

0.2894 

60-3 

1/4*  608 

0.0564 

2.9450 

1.0500 

3.0923 

0.2841 

HO-1 

1/4*  605 

0.0589 

2.9500 

1.0460 

3.0857 

0.2813 

HO-2 

S/16*  Goa 

0.0574 

3.9670 

1.0860 

3.2222 

0.3167 

HO-3 

1/4*  608 

0.0587 

.  2.9400 

1.0645 

3.1296 

0.2955 

lO-l 

5/16*  008 

0.0969 

2.9470 

0.9870 

2.9087 

0.2361 

10-2 

1/4*  605 

0.0963 

2.9670 

0.9870 

2.9284 

0.2377 

10-3 

1/4*  608 

0.0969 

3.9450 

0.9900 

a.9l5S 

0.3381 

(A)  V 
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TABtE  3  (continued) 


SPECXNEH 

BOLT 

density 

XD 

DESIGN 

LBS/CU  IN 

JO-l 

1/4 •  GD5 

0.0769 

JO- a 

S/16'  G08 

0.0765 

JO-3 

1/4*  G08 

0.0762 

KP-1 

1/4'  CDS 

0.0666 

Kp-a 

S/16'  GD8 

0.0667 

Kr-3 

1/4'  Goe 

0.0663 

tr-x 

1/4'  GD3 

0.0803 

UP-2 

5/16'  G08 

0.0804 

i.r-3 

1/4'  GD8 

0.0816 

NP-l 

1/4'  G05 

0.0989 

NP-a 

5/16'  G08 

0.0946 

MP-3 

1/4'  OD8 

0.0985 

NF-1 

1/4'  CDS 

0.0804 

NP-a 

5/16'  CDS 

0.0796 

NP-3 

1/4'  GD8 

0.0800 

OP-1 

1/4'  G05 

0.0747 

OP-2 

5/16'  G08 

0.0720 

OP-3 

1/4 »  608 

0.0734 

PP-1 

1/4'  GD5 

0.0903 

PP-2 

5/16'  G08 

0.0903 

PP-3 

1/4*  G08 

0.0899 

SP-1 

1/4'  G05 

0.0863 

Rp-a 

5/16'  008 

0.0865 

RP-3 

1/4'  008 

0.0824 

SP-1 

1/4'  005 

0.1083 

SP-2 

5/16'  008 

0.1093 

SP-3 

1/4*  008 

0.1080 

TP-1 

1/4'  005 

0.1678 

TP-a 

5/16*  008 

0.1665 

’pp-a 

1/4*  008 

0.1739 

VP-l 

1/4*  005 

0.0570 

VP-2 

5/16*  008 

0.0541 

VP- 3 

1/4*  008 

0.0569 

WP-l 

1/4*  005 

0.0561 

WP-2 

5/16*  GOB 

0.0547 

WP-3 

1/4*  GOB 

0.0559 

WIDTH 

XN 

2.9500 

3.9370 

3.9460 

THICKNESS 

XN 

0.9835 

0.9950 

0.9960 

AREA 

50  XN 
2.9013 
2.9223 
2.9342 

MOMENT  OF 
XNERTXA 
XN*4 
0.2339 
0.3411 
0.2436 

2.8420 

2.8215 

2.8415 

1.0120 

1.0220 

1.0270 

2.8761 

2.8836 

2.9182 

0.2455 

0.2S10 

0.2565 

3.8250 

3.8195 

2.8195 

1.0260 

1.0260 

1.0250 

2.8985 

2.8928 

2.8900 

0.2543 

0.2538 

0.3530 

2.9270 

2.9415 

2.9460 

0.9870 

1.0355 

1.0355 

2.88B9 

3.0459 

3.0506 

0.3345 

0.3723 

0.2726 

2.8160 

2.8265 

2.8315 

1.0160 

1.0235 

1.0185 

2.8611 

2.8901 

2.8839 

0.2461 

0.2518 

0.2493 

3.9390 

2.9200 

2.9640 

0.9830 

1.0210 

0.9930 

2.8890 

2.9813 

3.9433 

0.2326 

0.3590 

0.2418 

2.8210 

2.8275 

3.8310 

1.0165 

1.0123 

1.0185 

2.8675 

2.8628 

2.8834 

0.3469 

0.2446 

0.3493 

2.8145 

3.9505 

2.9450 

0.9860 

0.9385 

0.9875 

2.7807 

3.7690 

2.9083 

0.2262 
0.2033  , 
0.2363 

2.8195 

2.3365 

2.8345 

1.0265 

1.0180 

1.0205 

2.8943 

2.8774 

2.8926 

0.3541 

0.2485 

0.2510 

3.8250 

3.8460 

3.8360 

1.0330 

1.0330 

1.0310 

2.9182 

2.9399 

2.9136 

0.3595 

0.2614 

0.3581 

2.8145 

3.8205 

3.8125 

1.0290 

1.0825 

1.0260 

2.8961 

3.0532 

2.8856 

0.2555 

0.3981 

0.3531 

2.8125 

2.8090 

3.8330 

1.0270 

1.0275 

1.033Q 

3.8884 

2.8863 

2.9162 

0.3539 

0.3539 

0.3593 

(A)  vl 
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TABLE  4 

COMPOSITE  BEAM  TEST  DATA  SUMMARY 


SPECIHEN 

PEAK 

BENDING 

ULTIMATE 

TOTAL 

TOTAL  NORM 

NORMALIZED 

10 

LOAD 

MODULUS 

STRESS 

ENERGY 

ENERGY 

ENERGY  TO 

LBS 

MSI 

PS  I 

IN- LBS 

LBS/ IN 

1.25"  OISP 

AO-1 

16959 

4.469 

78700 

31191 

5294 

4052 

AO-2 

13S96 

4.001 

61760 

21040 

5257 

4251 

AO- 3 

16479 

4.325 

76120 

17404 

4351 

4056 

AE-1 

16432 

4.788 

80860 

33301 

6068 

4304 

AP-2 

16907 

4.726 

83030 

18174 

4737 

4192 

Ar-3 

17583 

4.887 

85200 

16395 

4311 

4464 

AEA-l 

20934 

6.624 

85370 

27397 

6754 

4612 

APA-2 

20190 

5.371 

74193 

5564 

AFA-3 

31984 

5.784 

77850 

28909 

7003 

4642 

BO-1 

30935 

3.918 

93790 

26765 

6460 

4934 

BO-2 

18271 

4.673 

78330 

25193 

6167 

4964 

BO-3 

19871 

3.543 

78970 

24161 

5648 

4373 

CO-1 

21374 

4.132 

92600 

24904 

6179 

4593 

CO- 2 

19863 

4.738 

93910 

24478 

6170 

4198 

CO -3 

19791 

4.438 

97180 

23723 

6002 

4518 

00-1  * 

211/4 

3.894 

95720 

24418 

6047 

3999 

no- 2  • 

15719 

3.829 

62770 

26261 

6517 

4058 

00-3  * 

16388 

3.796 

64530 

27353 

6766 

4238 

00-lA-_  ,  . 

10626 

. 4.062  - 

— 96450  - 

24642 

:  -r  6195.:._ 

4153 

00-2A 

19611 

3.826 

91400 

26300 

6603 

4760 

00-3A 

21603 

4.006 

104100 

23374 

5922 

4323 

EO-1 

31805 

5.390 

98140 

25386 

6345 

4270 

£0-2 

19993 

5.174 

94040 

27020 

6847 

4655 

CO-3 

23445 

5.039 

110400 

36344 

6641 

4631 

EP-1 

21686 

5.252 

107400 

24188 

6314 

4872 

EP-2 

21703 

5.339 

107100 

24048 

6376 

5018 

EF-3 

21170 

5.550 

105500 

32488 

5859 

4658 

FO-l 

13335 

3.998 

46630 

23619 

5670 

3608 

FO-2 

10544 

5.301 

50100 

13412 

4681 

3470 

FO-3 

12376 

4.142 

62670 

21132 

5369 

3774 

GO-1 

22253 

4.930 

99700 

36844 

6730 

4863 

GC-2 

18433 

4.887 

80920 

28756 

7180 

4749 

GO-3 

20706 

4.826 

92070 

35680 

6428 

4657 

HO-1 

25083 

4.771 

113300 

37348 

6844 

4690 

HO- 2 

20534 

4.466 

84720 

28056 

6922 

4429 

HO- 3 

35406 

4.981 

tioioo 

27068 

6759 

4749 

10-1 

17529 

7.701 

88150 

31140 

7916 

4654 

10-2 

16048 

7.285 

80160 

24438 

6181 

4269 

10-3 

19313 

7.030 

96600 

24330 

6183 

4744 

*  Specimen  exothermed  to  in  excess  of  350"P. 
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TABLS  4  (continued) 


SPECtHSN 

PEAK 

BENDING 

ULTIMATE 

TOTAL 

TOTAL  NORM 

2D 

LOAD 

MODULUS 

STRESS 

ENERGY 

ENERGY 

UBS 

MSI 

PS  I 

IN- LBS 

LBS/IN 

J0*1 

18532 

6.356 

93764 

26092 

6633 

JO-2 

18823 

5.986 

93460 

29941 

7615 

JO-3 

20001 

6.426 

98810 

27075 

6868 

KF-1 

30523 

7.056 

101300 

28586 

7417 

KP-2 

19913 

6.095 

97550 

33896 

8819 

KF-3 

22149 

6.527 

106700 

31347 

8103 

I.F-1 

18322 

7.606 

88950 

24354 

6324 

LF-2 

20825 

6.711 

101300 

27510 

7154 

tF-3 

22980 

7.301 

112000 

26338 

6851 

MF-1 

18711 

8.738 

94740 

20893 

5338 

MF-2 

20011 

7.070 

91600 

30271 

7612 

MF-3 

25008 

7.836 

114300 

23660 

5942 

NF-l 

20011 

7.917 

99390 

22537 

5881 

NF-2 

20960 

6.419 

102400 

33831 

8790 

NF-3 

17651 

7.063 

86760 

25171 

6538 

OF-l 

17109 

6.824 

86980 

20011 

5102 

OF-2 

18303 

6.018 

86810 

32028 

8127 

OF-3 

14705 

7.638 

72640 

24863 

6283 

PF-1 

29981 

6.430 

148500 

'  27672~ 

7211 

PF-2 

30497 

7.277 

151900 

38521 

10032 

PF-3 

30043 

6.601 

147700 

32440 

8427 

RF-1 

22512 

7.274 

118300 

25612 

6736 

RF-2 

21150 

7.527 

117500 

32871 

8452 

8F-3 

19181 

6.718 

96430 

30347 

7717 

SF-l 

13135 

8.973 

63830 

25804 

6709 

SF-2 

13500 

8.015 

65539 

34647 

9012 

SF-3 

13206 

8.279 

64590 

21531 

5505 

TF-1 

26476 

7.675 

126800 

39478 

10233 

TF-2 

26630 

7.508 

126600 

46092 

11882 

TF-3 

25862 

8.053 

124300 

41645 

10797 

VF-X 

16839 

5.422 

81580 

26128 

6798 

VF-2 

17490 

4.841 

76400 

26187 

6709 

VF-3 

19623 

5.815 

95690 

25669 

6687 

WF-l 

22149 

5.116 

107800 

25670 

6686 

WF-2 

20081 

4.774 

97760 

26480 

6902 

WF-3 

18941 

4.898 

90780 

23338 

6052 

(A)  vili 
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4499 
4921 
49S6 

5557 

5669 

5823 

4770 

5433 

5337 

4929 

5637 

5082 

4635 

5203 

4924 

4057 

4508 

4283 

6107 

7119 

6393 

5486 

5775 

4965 

4340 

5236 

4327 

7681 

8105 

7784 

5179 

5296 

5258 

4682 

4790 

4136 


226 


ae 

CO 

> 


A 

OV 

VP 

o 

fb 

pv 

A 

n 

vp 

VO 

CO 

vp 

Cl 

O 

n 

O 

in 

c* 

m 

00 

o 

a 

t-t 

in 

lA 

in 

<n 

M 

tn 

H 

m 

N 

eo 

M 

os 

CO 

(0 

bp 

<N 

Cl 

•>4 

PV 

OS 

eo 

t*» 

fb 

VO 

in 

in 

in 

Cl 

H 

o 

vp 

r* 

VO 

m 

(O 

in 

♦ 

«r 

■» 

Hr»oto<sf*>'ao\OwotMO\Nf'iOr**-ir>>Otn^r«rtO 

r»m«^rt<>no»r-r^r»^r>o»r»0'»vO'<a'«H»H«»oovo^<ir 

a>in«-t\or^Mr.{oOHOOr*Heor*in«t^NOmo»«»{N 

oaaeDr>'aM><o\0r^vor.tovot^vovovotAvo'OinM}9\oin 


,  >• 
iJ  o 

in 

eo 

vp 

o 

in 

4-4 

f* 

Cl 

o 

m 

r» 

Cl 

« 

fb 

fH 

\o 

rt 

o 

tt 

d 

fb 

to 

••4 

4r 

«<  X 

i3 

o 

d 

PI 

in 

00 

c* 

O 

r** 

os 

fSJ 

PI 

r> 

vp 

in 

d 

in 

Cl 

fb 

rb 

m 

|b  U 

1 

00 

d 

vp 

PI 

PI 

o 

rH 

iH 

m 

tb 

Cl 

o 

n 

M 

M 

r* 

<M 

vp 

« 

O 

o 

p 

X 

Cl 

d 

d 

PI 

m 

V0 

n 

Cl 

fb 

in 

fb 

tb 

c* 

in 

\o 

bT 

a\ 

m 

«n4 

H  M 

H 

o 

Cl 

d 

d 

d 

N 

d 

d 

d 

N 

d 

M 

«N 

d 

N 

d 

N 

(M 

d 

r4 

d 

(M 

d 

td  ® 
(b  Ui 

o 

r* 

fb 

d 

Cl 

o 

fb 

n 

c* 

in 

o 

fb 

Cl 

o 

Cl 

o 

o 

C^ 

r» 

fb 

Cl 

Cl 

o 

Cl 

<  U 

M 

o 

vP 

M 

m 

in 

Cl 

a 

vn 

os 

in 

o 

» 

H 

d 

tC 

Cl 

X  « 

(A 

Cl 

o 

fb 

m 

d 

fb 

f-4 

•c 

Vp 

Cl 

vp 

to 

Cl 

Cl 

fb 

« 

m 

Cl 

o 

M 

1-4 

Cl 

f<4 

W  £b 

Ot 

« 

% 

«» 

% 

% 

% 

• 

% 

% 

% 

% 

» 

% 

«w 

«» 

% 

f» 

% 

« 

% 

« 

&  0) 

in 

OS 

N 

o 

o 

o 

os 

vp 

\o 

in 

Cl 

o 

N 

GO 

n 

o 

fb 

Cl 

d 

d 

Cl 

b3 

o 

fH 

to 

o 

o 

fb 

OS 

o 

os 

n 

vp 

O 

00 

os 

o 

a\ 

CO 

« 

r* 

fb 

m 

O  w 

SSh 

i§§3 

u  o 

aa  X 


K  Q  (n 

ssss 

cu  2 


iftwo\no\<M«>vonH'Otnrtcio'o>o»®«*«*or^if><no 

f»w>®r'Wp»r*u>r*invB«»^oo<*r»»m'*n*»'0^n^ 


Cl 

H 

a 

a> 

lib 

o 

PI 

Cl 

e 

o 

fib 

o 

Cl 

Cl 

« 

n 

rb 

m 

d 

d 

bf 

o 

o 

cs 

"C 

d 

•H 

eo 

d 

Cl 

bC 

tf 

«-4 

fb 

o 

Cb 

to 

Cl 

« 

d 

fb 

o 

in 

m 

H 

\o 

i» 

Cl 

vp 

vp 

rs 

fb 

Cl 

Vp 

os 

fb 

fb 

o 

VO 

O 

O 

o 

fb 

1-4 

o 

l-l 

H 

PI 

o 

n 

Cl 

r- 

o 

rb 

o 

o 

« 

yo 

in 

fb 

Cl 

d 

Cl 

fN 

Cl 

fib 

d 

Cl 

Cl 

rb 

d 

rb 

Cl 

rb 

d 

1-4 

Cl 

Cl 

d 

d 

rb 

rb 

rb 

fb 

fib 

2 

M 

Cl 

in 

o 

o 

Cl 

00 

Cl 

o 

to 

th 

tn 

in 

cs 

fb 

vp 

fb 

d 

o 

rb 

bf 

OS 

to 

fb 

Eb 

o 

VO 

tn 

yo 

fb 

o 

bC 

o 

in 

so 

yo 

yo 

to 

a 

VO 

in 

yo 

fb 

fb 

ay 

Cl 

OS 

yo 

tn 

M 

3 

Vp 

yo 

o 

in 

OS 

to 

m 

n 

m 

tb 

in 

in 

o 

in 

OS 

m 

tn 

tn 

tn 

|b 

in 

tn 

n 

O 

H 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

X 

t 

• 

• 

• 

f 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

« 

• 

• 

• 

• 

* 

• 

• 

• 

u 

Q 

tn 

a 

rJ 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

u 

S  a 

U  H 
U 
0. 
u 


(i«  (b  Cm  Cb  h  Ck 

e  a<  X  «  >  X 


fib  fb  tb 

•3  «c  X 


fib  o 

M 


SO  b4  O  O  (b 
O  W 


X  M  X 


o  o  ^ 

M  O  Q 


fib  tb  O  O  O 
<  O  <  Q  (b 


(A)  lx 


227 


Results  are  average  of  three  tests  exce|>t  4*1  which  are  average  of  two  tests 


APPENDIX  B 


T-38  BASELINE  AND  PROTOTYPE  ARCHES 
SECTION  PROPERTIES 

ii.  Section  Properties  for  Magnesium  Arch  (Figure  1) 

(Baseline  Case  1) 

iii.  Section  Properties  for  Steel  Tube  Reinforcement  (Figure  2) 

(Baseline  Cases  2  and  4) 

iv.  Centerline  Section  Properties  for  Composite  Reinforcement  (Figure  3) 
(Baseline  Cases  3  and  5) 

V.  Sill  Section  Properties  for  Composite  Reinforcement  (Figure  4) 
(Baseline  Cases  3  and  5) 

vi.  Prototype  Arches  Material  Properties  (Table  1) 

vii.  Centerline  Section  Properties  for  Prototype  Composite  Arch  (Rgure  5) 

viii.  Sill  Section  Properties  for  Tapered  Prototype  Arches  (Figure  6) 


MODEL  FORWARD  (-2) 


MATERIAL  PROPERTIES: 

- E  •  S.5  Mst  - 

G  «  2.4  M«i 
K  •  34  0  Kil 
ASSUMED  LINEAR  TO 
ULTIMATE  STRENGTH 


actual  CROSS-SECTION: 
lyy  «  0.096  in* 

\„  m  0.22  in* 

e  -  •26.6*  , 

A  •  0.868  in* 


Z 


seam  cross 

SECTION  AXES 


MAGNA  CROSS-SECTION: 
Ivy  «  0.096  in* 

-  0.22  in* 

e  •  26.2* 

A  ■  0.868  in' 


MAGNA  MODEL 


figurs  1.  Section  Properties  for  Magnesium  Arch 
(Baseline  Case  1) . 

(B)  11 


actual  CflOSS-SeCTlON 
lyy  •  0.079  in^ 

|„  *0.154  in' 

4  •  0* 

A  *0.96  in’ 


I 


STEEL  RUBE  REINFORCEMENT 
(WITH  MAGNESIUM  ARCH) 


MATERIAL  PROPERTIES: 
E  «  30.0  Msi 
G  •  11.5  Msi 
F,  •  95.0  Ksi 
E,  •  0.17  Msi 


Z 


.BEAM  CROSS 
SECTION  AXES 


CASE  2  •  RUN  TO  YIELD  STRENGTH  P, 

CASE  4  .  ELASTIC  PLASTIC  WITH  TANGENT 
MODULUS  E,  AFTER  YIELDING 


NODE  LOCATION 


MAGNA  CROSS-SECTION: 
lyy  •  0.079  in* 

1.^  .0.154  in' 

0  -  0* 

A  -  0.98  in- 


MAGNA  MODEL 


Figure  2*  Section  Prcpertlea  for  Steel  Tube  Reinforcement 
(Baseline  Cases  2  and  4) . 

(B)  ill 

231 


ACTUAL  CROSS-SECTION  ICENTERLINE); 
-  0.201  in' 
lyy  •  1 .569  in* 

6  ■  -8.2* 

A  •  2,43  in** 


1- 


MATERIAL  PROPERTIES: 

E  •  8  0M*i  COMPOSITE  REINFORCEMENT 

G  -  0.878  Msi  magnesium  ARCH) 

P.^  «  110.0  K«i 
^  •  0.17  Msi 

assumed  linear  to  ultimate  strength  ^ 


,  MAGNA  CROSS-SECTION  ICENTERLINE); 

MAGNA  model 

^w.•0.154in‘ 

©  -  -8.1* 

A  -  2.43  in' 


Figure  3.  Centerline  Section  Fropertlee  for  Composite 
Reinforcement  (Reseline  Cates  3  and  5) . 

<t)  iv 


-«i— *“  MODEL  FORWARD  (♦Z) 


COMPOSITE  REINFORCmENT 


—  NODE  LOCATION 
/  CASE  5 


/ 


NODE  LOCATION 
CAiic  3 


4 


SEAM  CROSS 
SECTION  AXES 


f^lAGNA  MODEL 


Figure  4.  Cro88-*8ection  at  Sill  for  Composite  Reinforcement 
(Baeeline  Casee  3  and  5) . 

(B)  V 
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TABLE  I 


PROPERTIES  OF  MATERIALS  FOR  PROTOTYPE  ARCH 


MATERIAL 

F.« 

(Ksi) 

pr 

149.4 

KF 

102.0 

VF 

84.6 

AFA 

79.1 

TF 

125.9 

■  E 

C 

(Msi) 

(Msi) 

6.769 

0.49 

6.5.59 

0.55 

5.359 

0.66 

5.926 

0.46 

7.745 

0.66 

(B)  Vi 
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model  FORV/ARO  l^Z) 


ACTUAU  CROSS-SeCTlON  {e6NT6RLlN6): 
•vv  •  0.191  in' 

!/•/  ^  1 .06  in' 

0  -  ‘II.C* 

A  -  2.11  in= 


PRCFOSeO  COMPOSlTS 


MATERIAL  PROPERTIES  ARE-  -  ----  -  - —  -  -  - 

- - - - - 

LISTED  IN  TABLE  1 

Z 

1 

MATERIALS  ARE  ASSUMED  t 

LINEAR  TO  ULTIMATE 

STRENGTH 

_ 

. - NODE  LOCATIO.N 

beam  cross 

SECTION  AXES 

Pigurer  5  . 


J/AGNA  MODEL  MAGNA  CROSS-SECTION: 

Ivv  -  0.193  if 
l«  -  1.05  in' 

0  -  -11.1* 

A  -  2.10  in-* 

Centerline  Section  Properties  for  Prototype 
T-38  Composite  Arch. 

<B)  vll 
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FINAL  TAPER  WIDTH  •  0.625  INCH 


FINAL  TAPER  WIDTH  •  Q.500  INCH 


MAGNA  MODELS  PROPOSED  CROSS  SECTIONS 

AT  SILL  ATTACHMENT 

Figura  6*  Croaa-Sactlona  for  Tapartd  T-38  Prototype  Arch 
(Cross-Secticna  ar«  at  alll} . 

(B)  vill 
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Interlayer  Design 
for 

Glass/PIastic  Transparencies 
by 

Thomas  O.  Rukavina 
PPG  Industries  Inc. 

P.O.  Box  11472 
Pittsburgh.PA  15238 


Abstract 

Unbalanced  glass/plastic  composites  fabricated  with  thin  chemically 
tempered  glass  and  polycarbonate  plastic  have  many  performance 
advantages  over  ail*plastic  or  all-glass  transparencies.  The  durability 
of  glass  combined  with  the  lightweight  and  high  impact  resistance  of 
polycarbonate  can  produce  a  lighter  weight,  longer-lived,  high 
strength  composite.  These  advantages,  though  well  known,  can  be 
offset  by  disadvantages,  which  are  related  to  the  not  too  simple  task 
of  marrying  together  two  dissimilar  materials. 

Polymeric  interlayers  that  are  able  to  mitigate  shear  stress  during 
fabrication,  as  well  as  in  the  field  during  temperature  fluctuations, 
can  improve  the  long-term  performance  of  glass/plastic 
transparencies.  This  paper  presents  the  results  of  a  systematic  study 
of  a  polyurethane  interlayer  structure-property  relationships, 
including  the  behavior  of  these  polymers  in  glass/polycarbonate 
beam  samples.  The  effects  of  urethane  content  and  molecular  weight 
on  glass  transition  temperature,  tensile  strength,  elongation,  shear 
modulus,  and  glus/plastic  beam  center-  deflections  are  discussed. 


I  Introduction 


Thin  chemieal!y«tempered  gUss  lamintted  with  tn  interlayer  to 
polycarbonate,  at  flrst  glance,  teems  to  be  the  ideal  combination  of 
materials  to  a  transparency  designer.  Glut  adds  stiffness  to  the 
composite,  hat  excellent  abmion  resistance,  blocks  short  wavelength 
ultraviolet  light,  and  weathers  better  than  any  synthetic  plastic. 
Polycarbonate  contributes  lightweight  and  outstanding  impact 
resistance.  However,  a  problem  that  fabricators  commonly  confront  it 
that  after  lamination,  following  cooling  from  a  temperature  which 
allows  good  adhesion  of  the  interlayer  to  the  glass  and  plastic 
surfaces,  the  composite  transparency  warps  and  does  not  match  the 
intended  contour.  This  problem  is  due  to  the  large  mismatch  in 
coefficients  of  expansion  of  glass  and  polycarbonate  which  causes  a 
shear  stress  to  develop  in  the  composite.  The  stress  is  transmitted  to 
the  interlayer  from  the  shrinking  plastic,  as  the  composite 
temperature  cools  to  room  temperature.  When  the  shear  stress  is  not 
mitigated  successfully  at~the  interlayer,  the  Composite  warps,  putting 
the  glass  in  tension. 

There  are  several  potential  solutions  to  the  contour  problem  at  room 
temperature.  One  is  to  lower  the  lamination  temperature,  thus 
reducing  the  expansion  of  the  plastic.  This  method  is  practical  only  if 
the  interlayer  can  be  laminated  at  low  temperatures.  Also  the 
activation  energy  for  adhesion  must  bo  low  or  adhesion  problems 
may  occur  in  the  field.  Another  way  of  circumventing  the  problem  is 
to  insulate  the  plastic  during  lamination.  A  third  solution  is  to  use  an 
interlayer  that  is  cast«in-place  and  cured  at  room  temperature.. 
Another  solution  is  to  design  a  sheet  interlayer  that  laminates  with 
good  adhesion  to  the  substrates,  preferably  above  the  maximum  use 
temperature  of  the  transparency,  and  that  has  a  low  sb^;- -  :  modulus 
over  a  wide  temperature  range.  This  is  the  topic  of  this  p.^?CT. 

The  low  shear  modulus  is  necessary  to  reduce  stress  induced  via 
temperature  extremes  in  flight.  High  shear  modulus  can  result  in 
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delaminadon,  stTess*crazing  of  the  polycarbonate  structural  ply,  and 
glass  breskage.  Depending  on  the  final  application,  the  interlayer  can 
be  tailored  to  be  low  •  temperature  melting  and  low  modulus  over  a 
wide  temperature  range,  low-temperature  melting  and  high  modulus 
at  room  temperature  and  below,  or  higher  melting  and  low  modulus 
over  a  wide  temperature  range.  The  interlayers  prepared  for  this 
study  can  all  be  laminated  at  150'*F  or  higher. 


Polyurethane  chemistry  is  very  diverse,  and  allows  the  tailoring  of 
materials  with  vastly  different  properties,  from  hard  plastics  with 
high  glass  transition  temperatures,  to  resilient  elastomers  with  low 
glass  transition  temperatures.  Thermoplastic,  segmented 
polyurethane  elastomers  are  linear  block  copolymers  that  are 
/  prepared  by  reacting  a  diisocyanate  with  a  polyol  and  a  short  chain 

diol  chain  extender.  The  elastomers  are  usually  microphase* 
separated  to  various  degrees  into  what  are  termed  "soft"  and  "hard" 
segments.  Excellent  performance  properties  over  wide  temperature 
ranges  can  be  attributed  to  this  segregation.  The  soft  segments 
consist  of  a  high  molecular  weight  polyol  and  a  diisocyanate,  though 
ideally  they  would  be  composed  only  of  polyol  segments.  The  ideal 
--  -  is  seldom  the  case.  The  hard  segments  consist  of  a  short  chain  diol 
and  a  diisocyanate.  There  is  a  thermodynamic  driving  force  for  the 
phase  separation,  which  is  the  difference  in  polarity  of  the  two 
phases.  The  polarity  difference  depends  on  the  soft  and  hard 
segment  solubility  parameters.  The  completeness  or  incompleteness 
of  the  phase  separation  is  dependent  on  not  only  thermodynamic 
compatibility,  but  the  viscosity  of  the  polymer,  and  the  mobility  of 
the  hard  segment.  ^ 

Previous  studies  have  indicated  that  lower  melting  ranges  and  lower 
modulus  elastomers  result  from  the  use  of  shon  chain  diols  that  have 
an  odd  number  of  carbon  atoms,  though  the  length  is  also 
important. 2  This  type  of  diol  is  referred  to  as  non-reinforcing, 
whereas  if  the  diol  has  an  even  number  of  carbon  atoms  it  is  termed 
a  reinforcing  diol.  Branched  diols  are  also  non-reinforcing.  We  have 
measured  the  melting,  points  of  pure  hard  segments  composed  of 
short  chain  diols  of  different  lengths  and  dicyclohexyImethane-4,4'- 
diisocyanate.  The  confirming  results  are  shown  in  Fig.l.  If  one 
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chooses  a  straight  chain  aliphatic  diisocyanate  with  an  odd  number  of 
carbon  atoms  one  will  observe  a  similar  effect.  See  Fig.2.  ^ 

Another  way  of  lowering  the  melting  point  while  maintaining  strong 
mechanical  properties  at  room  temperature  include  using  mixed 
diols.  This  can  broaden  and  lower  the  melting  point  Also,  one  can  use 
a  low  molecular  weight  polyol  with  a  small  amount  of  a  reinforcing 
diol,  or  a  larger  amount  of  a  non*reinforcing  diol.  The  resulting 
asymmetry  in  the  hard  segment  domains  is  responsible  for  the  lower 
modulus  and  melting  points.  This  is  a  consequence  of  weaker  hard 
domain  interactions. 

In  this  study  we  use  a  polytetramethylene  oxide(PTMO)  polyol 
(MnsiOOO).  1,2  pentanediol,  and  dicyclohexylmethane*4,4’> 
diisocyanate.  The  polyether  was  chosen  for  its  good  hydrolytic 
stability,  low  glass  transition  temperature,  and  its  low  tendency  to 
crystalliM  at  low  urethane  contents.  Other  short  chain  diols  that  were 
tested  included  diethylene  glycol,  butanediol,  and  thiodiethanol.  Poor 
oxidative  stability  was  observed  in  formulations  prepared  with 
diethylene  glycol.  Also,  melting  points  were  too  low.  litis  can  be 
attributed  to  the  compatibility  and  mixing  of  the  soft  and  hard 
segments,  which  effectively  increased  the  homogeneity  of  the 
polymer.  The  thiodiethanol  imparted  color  and  odor  to  the  polymers.  - 
The  butanediol  polymers  had  higher  melting  points  and  yielded 
higher  modulus  polymers  than  those  based  on  pentanediol. 


II.  Experimental  Section 
Materials. 

The  PTMO  was  obtained  from  Dupont  and  is  referred  to  as  Teracol^ 
1000  {Mn  s  1000).  The  pentanediol  was  obtained  from  Aldrich 
Chemical  Co.  and  has  a  formula  weight  of  104  g/mole.  The 
dicyclohexylmethane*4,4',-  diisocyanate  is  referred  to  as  Hylene®  W 
and  was  obtained  from  Dupont.  Butylstannoic  acid  (BSA)  was  used  as 
the  catalyst  in  200,  400,  and  600  ppm  concentrations.  BSA  was 
obtained  from  Pfaltz  A  Bauer  Chemical  Co.  The  catalyst  was  analyzed 
for  any  iron  impurities  before  using.  By  analysis  the  iron  content  of 
BSA  is  <  .01  ppm.  By  The  stoichiometries  were  calculated  for  10%, 
12%,  and  14%  urethane  content  (Wu),  using  the  true  hydroxyl 
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numbers  (OH  number,  plus  acid  number,  plus  %  water).  The 
polyurethanes  were  prepared  at  stoichiometry  with  no  excess 
diisocyanate  added,  3%  excess  diisocyanate,  and  6%  diisocyanate,  in 
order  to  vary  the  molecular  weight.  The  10,  12,  and  14%  Wu  samples 
had  calculated  weight  %  hard  segment  contents  (Wh)  of  3,  12,  and 
20%  respectively.  The  linear  polyurethanes  were  prepared  by  a  one- 
step  bulk  polymerization,  cast  between  14"  x  14"  Teflon-coated 
stainless  steel  plates,  and  cured  at  200*F  for  24  hours  into  .125"  thick 
sheets.  None  of  the  samples  were  post-  annealed. 


Glass/Polycarbonate  Beam  Samples 

40"  X  6"  glass/polycarbonate  laminates  were  fabricated  using  .120" 
thick  chemically  strengthened  glass,  .250”  thick  polycarbonate,  and 
.125"  thick  interlayer.  The  beams  were  laminated  in  an  air  autoclave 
at  210^F  and  200psi  pressure. 

Experimental  Design. 

A  Box-Behnken  quadratic  response  surface  experiment  was  designed 
using  RS-Discover  experimental  design  software.  A  total  of  15 
experiments  were  run.  In  the  designed  experiment  the  urethane 
content  was  varied  from  10  to  14%  and  the  weight  average  molecular 
weight  varied  from  77,000  to  260,000  Mw  (based  on  polystyrene 
standard.)  The  molecular  weight  was  controlled  by  varying  the 
NCO/OH  ratio.  The  degree  of  polymerization,  Xn  »  (l+r)/(l-r),  where  r 
is  the  ratio  of  the  reactants.  The  cure  of  the  polymers  was  monitored 
by  ATR-FTIR  by  measuring  the  relative  absorbance  s  log 
<Io/lNCO}/log  (Io/IcH)f  where  Iq  is  the  incident  radiation  and  I  is  the 
transmitt^  radiation.  The  disappearance  of  the  isocyanate  band  at 
2265  cm'^  was  monitored*.  The  butylstannoic  acid(BSA) 
concentration  was  also  varied  in  order  to  vary  the  degree  of 
polymerization,  though  was  high  enough  at  all  concentrations  that 
complete  polymerization  was  attained  in  all  samples.  It  wi\s  found 
that  BSA  did  react  somewhat,  as  the  molecular  weight  decreased 
slightly  with  increasing  BSA  concentration. 

Instrumentation. 

Molecular  weights  were  measured  on  a  Waters  Gel  Permeation 
Chromatograph  using  a  Waters  6()0E  pump,  a  401  RI  detector,  and  a 
Linear  Ultrastyragel  column. 
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Tensile  strength,  %  elongation,  and  Young's  modulus  were  measured 
on  an  Instron  machine.  Crosshead  speeds  were  20  in./min.,  at  a  3  in. 
gauge  length. 

Hardness  measurements  were  made  by  hand  with  a  Shore  A 
durometer  instrument. 

Glass  transition  temperatures  were  measured  on  a  Torsional  Braid 
Analyzer  (  Plastics  Analysis  Instruments,  Inc.,  Princeton,  N.J.) 
Fiberglass  braids  were  impregnated  with  the  monomer  mixtures  and 
the  polymers  were  cured  on  the  braid.  The  fiberglass  braid  showed 
flat  response  over  the  temperature  ranges  used  in  the  experiments.. 

2  , 
Relative  rigidity  was  measured  as  F  which  is  proportional  to  1/P^ 

where  Fs  frequency  of  the  oscillation  of  the  sample  and  P  is  the 
period  in  seconds.  F2  is  proportional  to  the  in-phase  elastic  portion  of 
the  shear  modulus  (G*).  The  log  decrement  (  A  »  In  (Ai/Ai  .fi)],  where 
A  is  the  amplitude  of  the  generated  wave,  was  measured  as  the  log 
of  the  ratio  of  the  amplitudes  of  successive  oscillations,  and  is 
directly  proportional  to  the  ratio  of  the  out-of-phase  or  viscous 
portion  of  the  shc.v  modulus  (G")  to  G'  [A»icG''/G'sRtan  d],  where  d  is 
the  phase  difference  between  the  stress  and  the  deformation. - 

Differential  Scanning  Calorimetry  was  done  on  a  Dupont  910  DSC. 
Heating  rates  were  lO^C/min.  under  a  nitrogen  atmosphere.  Sample 
weights  varied  from  16.S  to  80mg. 

Melting  points  were  measured  on  a  Dupont  Thermomechanical 
Analyzer  943  using  a  1  gram  sample  load  and  a  heating  rate  of 
5®C/min. 

111.  Results  and  Discussions 
Instron  Results. 

Fig.3  shows  the  contour  plot  of  tensile  strength  as  a  function  of 
average  molecular  weight  and  urethane  content.  The  tensile  strength 
increases  with  increasing  urethane  content  and  molecular  weight.  At 
low  urethane  content,  below  12-12.5%,  there  is  a  stronger 
dependence  on  molecular  weight  than  at  high  urethane  content.  One 


can  see  that  the  shape  of  the  contour  changes  as  the  urethane 
content  is  increased,  i.e.,  the  slope  becomes  steeper  approximately 
above  160,000  MW,  and  urethane  contents  above  12  •  12.S%. 

Hg.  4  shows  the  contour  plot  of  %  elongation  as  a  function  of 
urethane  content  and  increasing  molecular  weight.  The  %  elongation 
decreases  with  increasing  urethane  content  and  with  molecular 
weight.  The  shape  of  the  contour  stays  constant,  but  contour  spacing 
increases  from  low  to  high  urethane  content  and  molecular  weight. 
This  means  that  the  rate  of  decrease  in  %  elongation  slows.  There  are 
two  phenomena  responsible  for  this.  The  chain  entanglement  density 
is  increasing  with  molecular  weight,  making  it  more  difficult  to 
unravel  the  coiled  polymer  chains.  The  elastic  modulus  is  increasing 
due  to  an  increased  resistance  to  uncoiling.  Above  a  particular 
molecular  weight  maximum,  the  chains  will  break  before  they  can 
unravel  further.  Secondly,  the  hard  segment  content  increases  as  the 
urethane  content  increases.  If  the  hard  segments  are  viewed  as 
reversible  crosslinks  or  fillers  that  reinforce  the  material,^  and 
thereby  increase  strength,  then  the  hard  segment  domains  also  resist 
uncoiling  or  elongation,  regardless  of  the  molecular  weight. 


Hardness  Measurements. 

Fig.  S  shows  the  contour  plot  of  Shore  A  durometer  hardness  as  a 
function  of  urethane  content  and  molecular  weight.  The  hardness 
increases  as  the  urethane  content  increases  and  increases  with 
molecular  weight,  but  again  the  dependence  on  molecular  weight  is 
stronger  at  low  urethane  contents.  From  the  contour  spacings  it  is 
seen  that  the  hardness  increases  faster  generally  from  10-13% 
urethane  content  than  from  13-14%.  This  behavior  is  consistent  with 
the  elastic  modulus  behavior. 

The  development  of  the  morphology  can  be  followed  with  time  by 
simply  measuring  the  hardness  as  a  function  of  time  (Fig.  6).  The  plot 
shows  that  it  takes  approximately  two  weeks  for  a  polyurethane 
with  Wu  s  14.0%  to  approach  a  constant  Shore  A  durometer  hardness 
of  80.  At  Hrst  one  might  guess  that  these  low  modulus  materials 
should  develop  their  final  properties  much  faster  than  two  weeks.. 
This  may  be  the  case  for  polymers  made  with  butanediol,  being  that 


the  hard  segments  are  more  symmetrical,  and  there  is  a  stronger 
hard  domain  interaction.  The  thermodynamic  driving  force  for 
segregation  is  smaller  for  pentanediol  and  the  time  to  segregate  is 
long.^  It  may  be  that  the  mutual  exclusion  of  hard  and  soft  segments 
is  rapid,  but  the  development  of  order  in  the  hard  domains  is  slow.^ 

An  interesting  practical  implication  is  that  the  shear  modulus  of  the 
material  stays  low  for  a  period  of  time  that  is  longer  than  the  time 
for  polycarbonate,  in  a  glass/plastic  laminate,  to  cool  to  room 
temperature  after  autoclaving.  Hence,  shear  stress  can  be  absorbed 
by  the  interlayer  as  the  polycarbonate  cools  and  contracts.  After  the 
plastic  cools  to  room  temperature  and  the  modulus  of  the  interlayer 
continues  to  increase,  it  should  have  very  little  effect  on  the  contour 
of  the  laminate. 

Differential  Scanning  Calorimetry. 

The  DSC  plot  of  a  13.5%  urethane  content  polymer  (Fig.  7)  shows  a 
hard  segment  melting  transition(rm./i)  at  around  79”C.  If  one  runs 
the  same  sample  within  one  hour  of  the  first  run  the  hard  segment 
transition  does  not  reappear.  Again,  there  is  a  time  dependency  for 
domain  organization  as  was  seen  in  the  durometer  data  of  Fig.  6.  The 
temperature  of  the  flrst>run  transition,  rm,h,  did  not  differ  for  the 
12%  and  14%  polymers.  What  did  change^  was  the  magnitude  of  the 
enthalpy  of  the  transition.  No  hard  segment  melting  transition  was 
observed  for  the  10%  urethane  content  samples,  which  had  a  hard 
segment  content  of  only  3.3%.  Fig.  8  shows  the  melting  enthalpy  or 
enthalpy  of  fusion  plotted  as  a  function  of  weight  %  hard  segment. 
The  enthalpy  increases  with  increasing  hard  segment  content  above 
33%. 

Generally  one  observes  a  Tm,h  increase  with  increasing  hard 
segment  content,  but  usually  at  much  higher  hard  segment  contents 
than  we  have  prepared,  and  with  reinforcing  hard  segments.  ^  Tliis 
was  not  seen  using  pentanediol  at  relatively  low  hard  segment 
contents.  The  amount  of  mixing  of  the  hard  and  soft  segments  can, 
however,  be  determined  by  how  high  the  soft  segment  Tg,s 
increases  above  the  pure  soft  segment  oligomer  Tg,o.  Hius,  the 
greater  (Tg.s  •Tg,o)t  the  greater  the  mixing  of  the  two  phases,  as  the 
hard  segments  restrict  the  mobility  of  the  soft  segments.  For  the  14% 
urethane  content  polymers  Tg.s  s  .S3”C  and  Tg,o  »  -82*’C.  Thus  {Tg,s 
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-Tg.o)  =  29®C.  The  soft  segment  Tg  is  29®C  above  that  of  the  pure 
oligomer  polyol,  indicating  phase  mixing.  The  anchoring  of  soft 
segment  ends  in  the  hard  domains  has  been  shown  to  raise  the  Tg,s 
by  4”C.^  Phase  boundary  hydrogen  bonding  can  also  increase  the 

Polyether  soft  segments  in  most  cases  will  yield  more  complete 
phase  separation  than  polyester  soft  segments.^  This  can  be 
explained  by  comparing  solubility  parameters.  The  solubility 
parameter  for  the  polyether  is  lower  than  that  of  the  ester,  and  much 
lower  than  that  of  the  short  chain  diol.  The  molecular  weight 
differences  of  the  polyols  also  determine  the  degree  of  phase 
separation.  1  A  2000  molecular  weight  polyether  polyol-based 
polyurethane  will  phase  separate  more  completely  than  a 
polyurethane  made  with  a  1000  molecular  weight  polyol.  This  can  be 
seen  by  the  Tg,s  differences.  The  Tg,s  for  the  2000  molecular  weight 
soft  segment  will  be  closer  to  the  Tg,o  (oligomer)  than  the  1000 
molecular  weight  soft  segment  Tg,s.  This  can  be  interpreted  to  mean 
that  fewer  hard  segments  exist  in  the  2000  molecular  weight  soft 
segment  phase.  One  should  also  note  that  at  the  same  urethane 
content  the  hard  segment  content  will  be  higher  using  a  2000  MW 
soft  seginen^  than  a  lOCO  MW  soft  segment  («e  Rg.  9).  ___ 

Torsional  Braid  Analysis. 

A*  Torsional  Braid  Analyzer  (TBA)  is  a  freely  oscillating  torsional 
pendulum  that  utilizes  a  Hbergiass  braid.  The  braid  is  impregnated 
with  a  polymer,  plasticizer,  or  virtually  anything  that  will  stay 
trapped  within  it.  Even  powder  coatings  have  been  tested 
successfully  using  TBA.  The  braid  allows  a  polymer  to  be  tested  at 
temperatures  higher  than  the  maximum  temperature  at  which  the 
polymer  can  support  a  weight  without  deforming.  The  instrument 
torques  the  sample  about  4**  and  releases  it  to  oscillate  at  its  own 
resonant  frequency,  which  is  usually  below  IHz.  The  material 
properties  are  calculated  as  shown  in  Bg.  10. 

Our  polymers  were  cured  on  a  braid  in  the  TBA  apparatus.  See  Fig. 
11  for  the  results  from  a  typical  isothermal  experiment.  Fig.  12 
shows  the  log  decrement  vs.  temperature  plot  for  three  different 
urethane  contents  from  this  study:  10,  12,  and  14%.  The  Tg's  from 
the  maximum  in  the  log  decrement  plot  are  •44^C,  •29**C,  and  -S^C,, 
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respectively.  The  magnitude  of  the  log  decrement  plot  decreases  with 
increasing  urethane  content  indicating  phase  mixing.  The  purity  of 
the  soft  segment  can  also  be  gauged  by  the  steepness  of  the  slope  of 
the  low  temperature  side  of  the  log  decrement  plot.  The  slope 
decreases  as  urethane  content  is  increased  indicating  again  phase 
mixing.  In  Fig.  13,  which  is  a  contour  plot  of  Tg  as  a  function  of 
molecular  weight  and  urethane  content,  we  can  see  that  the  Tg  is  a 
linear  function  of  urethane  content  between  10  and  14%.  It  is  not 
very  dependent  on  molecular  weight  between  77,000  and  260,000. 
Though  Tg  usually  goes  up  with  increasing  molecular  weight  because 
of  a  decrease  in  free  volume,  and  fewer  chain  ends,  the  dependence 
varies  for  different  polymers  and  molecular  weight  ranges. 

2 

A  plot  of  F  vs.  temperature  is  shown  in  Hg.  14.  The  Tg's  of  the  three 
different  urethane  content  polymers  can  be  seen  on  this  plot  as  the 
inflection  points  in  the  plots.  The  width  of  the  Tg  region  or  the 
steepness  of  the  slope  of  the  Tg  region  is  different  for  each  polymer. 
The  width  increases  with  higher  urethane  contents,  which  confirms  a 
greater  heterogeneity  or  phase  separation  for  the  higher  hard 
segment  polymer.  Notice  also  that  the  rubbery  plateau  extends  to 
lower  temperatures  the  lower  the  urethane  content. 

Glass/Plastic  Laminated  Beams. 

Flat  40"  X  6”  polycarbonate/glass  beam  samples  were  laminated  in 
an  air  autoclave  at  210°F  and  the  center  deflections  of  the  the 

samples  were  measured  when  the  laminate  cooled  to  room 
temperature.  Measurements  were  made  on  a  flat  table  with  the  glass 
surface  oriented  up.  See  Fig.  IS  for  a  schematic  of  the  laminate.  Fig. 
16  is  a  step  surface  plot  of  beam  center  deflection  as  a  function  of 
urethane  content  and  molecular  weight.  At  low  urethane  contents  the 
center  deflections  increase  very  slowly  with  increasing  molecular 

weight,  but  at  high  urethane  contents  the  deflections  jump  up 
rapidly.  At  low  molecular  weights  the  center  deflections  increase 

slowly  with  urethane  content,  but  more  rapidly  with  urethane 
content  at  high  molecular  weights.  Thus,  precise  control  of  the 

molecular  weight  is  critical  for  use  of  this  type  of  interlayer  in 
glass/plastic  laminates.  The  shear  modulus  and  the  resulting  changes 
in  the  ability  to  take  up  shear  are  very  sensitive  to  molecular  weight 
changes,  pa^cularly  at  urethane  contents  above  12%. 


248 


Kg.  17  shows  a  plot  of  center  deflection  vs.  temperature  for  a  12.5% 
urethane  content  polymer  with  a  Mw  s  150,000.  It  shows  similar 
data  for  three  13.5%  urethane  content  polymers  with  molecular 
weights  equal  to  86,000,  210,000,  and  305,000.  The  beams  made 
with  the  13.5%  urethane,  86,000  molecular  weight  interlayer  (Tg  « 
-14*0  and  the  12.5%  urethane, 150,000  molecular  weight  interlayer 
(Tg»  •21®C)  have  virtually  identical  behavior  over  a  wide 
temperature  range.  This  is  so  even  though  the  glass  transition 
temperature  is  lower  for  the  12.5%  urethane  content  polymer.  These 
beams  were  completely  flat  at  room  temperature.  Shown  for 
comparison  in  the  flgure  are  data  for  a  polyester  polyurethane  and  a 
low  temperature  melting  interlayer  that  is  commercially  available 
for  use  in  glass/plastic  laminates.  Neither  is  at  all  flat  at  room 
temperature.  Although  two  experimental  beams  were  comparatively 
flat  at  room  temperature,  warpage  at  low  temperatures  resulted  in 
center  deflections  of  approximately  1.25”  at  •20®F  for  these  lower 
modulus  polymers.  Deflections  extended  beyond  this  for  the  higher 
modulus  polymers.  The  effect  of  wide  differences  in  molecular 
weight,  at  constant  urethane  content,  on  the  deflection  of  the  beams 
is  also  reflected  in  the  plot. 

Concluding  Remarks  and  Future  Direction. 

The  proper  design  and  control -of- polyurethane  interlayer  properties 
can  result  in  reduced  stress  and  improved  contour  in  glass/plastic 
laminates  at  room  temperature  and  above.  That  has  been 
demonstrated  here.  Furthur  Improvements  in  interlayers  should 
focus  on  a  widening  of  the  service  temperature  range  at  low 
temperatures.  Though  flattening  the  modulus  •  temperature 
behavior  is  important,  ideally,  the  material  should  be  able  to  take  up 
shear  stress  over  a  wide  range  of  temperatures.  Silicones,  for 
example,  show  very  little  modulus  change  with  temperature,  but 
cannot  shear  easily  because  they  are  crosslinked.  A  commercially 
available  heat>vulcanized  silicone  sheet  material  was  also  tested  in 
our  lab  in  a  simple  beam  construction.  It  showed  a  center  deflection 
of  0.6”  at  room  temperature  when  laminated  at  210®F.  Work  in  our 
lab  with  polydimethylsiloxane-polyethyleneoxide  organofunctional 
siloxane<based  polyurethanes  has  shown  that  transparent  polymers 
are  possible  with  glass  transition  temperatures  as  low  as  'SO^C 
(•58®F)  (See  Fig.  18)  and  flatter  modulus  •  temperature  behavior 
Aan  the  polytetramethyene  oxide  glycols.  Cooper,  ef.  a/.,  reported  on 
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a  series  of  polydimethylsiloxane>polyurethane  elastomers  based  on 
MDI,  1,4  butanediol,  and  an  organofunctional  polydimethylsiloxane 
that  showed  glass  transition  temperatures  as  low  as  •124**C  with  a 
very  flat  modulus  over  a  very  wide  temperature  range.  See  Fig. 
19.10  These  types  of  hybrid  polymers  may  greatly  enhance  the 
performance  of  glass/plastic  transparencies  over  a  wider 
temperature  range  than  is  possible  with  a  polyether  polyurethane. 
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Number  of  Carbon  Atoms  in  Diisocyaruite  (reacted  with  t,4  butanedioi) 
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Figure  10 


Figure  11 
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DIMENSIONS  40"  X  6“ 

LAMINATION  TEMPERATURE:  210T 
MEASUREMENT:  CENTER  DEFLECTION 
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USIC  OK  PHOTOCHKOMIC  MATKRIAI.S 
IN  AlltCKAK'rTUANSPAKKNCIKS 

J.  A.  Andrechak  &.  M.V.  Moncur 
Pilkington  Aerospace 


ABSTHACr 


New  photochroinic  dyes  have  become  available  over  the  past  several  years 
through  Pilkington  research  efforts  targeted  at  ophthalmic,  automotive, 
architectural  and  aerospace  applications.  Pilkington  photochromic  dyes 
incorporated  into  suitable  polymer  hosts  show  improved  fatigue  life  and  are 
deeper  coloring  than  materials  available  previously.  Significant  dve  activation 
occurs  even  in  designs  where  the  photochromic  material  is  screened  by  a  plastic 
or  glass  outer  ply. 

Pilkington  photochromic  dyes  are  readily  incorporated  into  nolyurethane 
materials  used  in  aircraft  transparencies  and  can  be  subjectea  to  standard 
fabrication  processes  without  degradation.  Full-scale  transparencies  with 
photochromic  polyurethane  interlayers  have  been  fabricated  using  conventional 
processing  methods.  Transparency  systems  incorporating  such  photochromies 
are  being  investigated  for  cockpit  solar  shading  and  in  flash  protection  systems. 

This  paper  describes  properties  of  Pilkington  photochromic  dyes  incorporated 
into  transparent  polymer  hosts.  Data  are  presented  on  light  transmission 
characteristics  of  darkened  and  bleached  states,  darkening  and  fading  rates, 
fati^e  life,  polymer  host  property  effects  and  temperature  eflects.  Processing 
studies  and  limitations  are  discussed  and  prior  performance  test  programs 
related  to  aircraft  transparency  applications  are  described. 
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INTRODUCnON 


PhotQchromism  is  defined  as  a  reversible  transformation  between  two  states  of  a 
single  chemical  compound  which  is  induced  in  at  least  one  direction  by 
electromagnetic  radiation  and  in  which  the  two  states  of  the  compound  have 
different  absorption  s^ctra.  The  reverse  conversion  may  be  induced  thermally 
or  by  radiation  of  a  different  wavelength  (Ref.  1 ). 

Photochromic  compounds  of  interest  for  transparency  applications  are  those  with 
high  visible  transmittance  in  one  state  ("colorless"  or  ’^bleached"  form)  which  is 
converted  to  a  state  with  an  absorption  band  in  the  visible  range  ("colored"  or 
"darkened"  form)  when  exposed  to  UV  radiation.  Several  classes  of  organic 
photochromic  materials  meeting  these  criteria  have  been  identified. 

The  Pilkington  Group  have  a  long-standing  interest  in  organic  photochromies  for 
possible  use  in  architectural,  automotive,  ophthalmic  and  aircraft  applications. 
Pilkington  researchers  have  synthesised  and  evaluated  many  of  the  dye  types 
reported  in  the  literature,  including  spirojpyrans,  chromenes,  fulgides  and 
spironaphthoxazines.  Recent  research  efforts  have  primarily  focused  on 
spiroindolinonaphthoxazines  (SINOs,  Figure  la)  because  of  their  good 

gnotochemical  stability,  range  of  available  colors  in  the  activated  state  and  low 
ackground  color  in  tne  bleached  state.  Chromene  dyes  (Figure  lb)  have  also 
been  investigated  in  detail. 

—SINOs  and  chromenes  are  activated  by  radiation  at  UV.^lue  wavelengths,  which 
induces  a  ring  opening  reaction  (Figure  1).  The  open  isomers  have  strong 
absorption  bands  in  the  visible  spectrum.  The  reverse  ring  closing  reaction  is 
thermally  induced. 

MOLECULAR  ENGINEERING 

A  synthesis  program  at  Pilkington  Group  Research  has  yielded  many  new 
photochromic  dyes,  including  over  fifty  new  SINOs.  Dye  structure/property 
relationships  have  been  estanlished,  resulting  in  improved  ability  to  tailor  dye 
structures  to  enhance  performance  features.  Practical  synthetic  methods  for  dye 
manufacture  have  also  been  developed. 

One  significant  Pilkington  development  was  identification  of  u  class  of  SINO 
dyes  with  enhanced  photochromic  performance:  6*-amino  SINOs.  IVpical  SINOs 
are  activated  by  UV  radiation  and  darken  to  a  blue  color,  with  peak  absorbance 
at  about  600  nm.  Amino  substitution  at  the  6'  position  shifts  the  activation  band 
of  the  closed,  colorless  form  to  longer  wavelength,  resulting  in  increased 
activation  in  sunlight  with  UV  filtering  (i.e.,  through  glass  or  a  transparent 
plastic).  6'*Amino  substitution  shifts  peak  absorbance  of  the  open,  colored  form 
to  slightly  shorter  wavelength.  Open  6'-amino  SINO  isomers  also  have  increased 
absorbance,  so  dyes  are  deeper  coloring  than  typical  SINOs  (Figure  2). 
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SINO  and  chromene  dye  structures  can  be  modified  to  shift  the  closed  state  peak 
absorbance  to  longer  or  shorter  wavelength,  which  si^ificantly  alters  darkened 
state  color.  The  rate  of  the  thermal  reverse  (bleaching)  reaction  can  also  be 
modified  by  altering  the  dye  structure.  The  practical  utility  of  such  dye  structure 
modifications  is  illustrated  in  the  following  sections. 

INCOHPORATION  INTO  POI^YMKR  HOSTS 

Photochromic  dyes  can  potentially  be  combined  with  transparent  polymers  by  all 
standard  processing  techniques  used  to  incorporate  additives.  With 
thermoplastic  polymers,  the  dye  may  be  incorporated  by  extrusion/melt  blending 
to  produce  photochromic  resin  granules,  which  are  processed  by  standard 
methods,  including  molding,  extrusion  and  coating.  Dyes  can  also  be  combined 
with  thermoplastics  directly  during  sheet  extrusion,  injection  molding  or  coating 
processes. 

With  thermoset  polmers,  the  dye  is  preferably  dissolved  in  a  prepolymer  or 
monomer  mix  wnicn  is  processed  by  conventional  casting,  coating,  potting  or 
bonding  methods.  Photochromic  dyes  have  also  been  imbibed  into  polymer 
articles  by  use  of  a  solvent  carrier. 

Pilkington  studies  have  shown  that  polyurethanes  are  excellent  hosts  for  SINO 
and  chromene  photochromies.  Dyes  can  be  incorporated  into  polyurethanes  by 
casting,  coating,  extrusion  or  injection  molding  without  degradation. 
Photochromic  adavity  and  stability  in  polyurethane  hosts  are  excellent.  Dye 
fatigue  life  can  be  enhanced  and  darkening  and  fading  rates  can  be  manipulated 
by  tailoring  polyurethane  host  compositions.  Properties  of  photochromies  in 
polyurethane  hosts  are  described  in  the  following  sections. 

SINOs  and  other  photochromic  dye  types  have  also  been  successfully 
incorporated  into  cast  acrylate  plastic  materials  used  for  ophthalmics.  These 
materials  also  shew  excellent  photochromic  activity  and  stability.  Attempts  to 
incomrate  SINOs  into  polycarbonate  have  been  less  successful,  as  dyes  suffer 
significant  degradation  under  polycarbonate  extrusion  and  injection  molding 
conditions. 

PHOTOCHROMIC  SYSTHMS  FOR  SOLAR  SHADING 
Photochromic  Activity 

6'-Amino  SINOs  in  polyurethanes  display  the  full  darkening  range  needed  for 
solar  shading  at  concentrations  of  less  than  0.2  wt  %.  Under  simulated  standard 
Air  Mass  2  (AM2)  solar  exposure  conditions,  a  typical  6'-amino  SINO  (compound 
code  CGI)  in  a  polyurethane  interlayer  host  fully  darkens  in  1  to  2  minutes 
(Firare  3).  Absorbance  or  optical  density  (OD)  levels  of  1.0  to  1.5  are  achieved 
with  dye  concentration  of  0.05  wt  %  ,  corresponding  to  visible  integrated  light 
transmittance  of  <10%.  Full  fading  is  achieved  in  2  to  several  minutes 
depending  on  host  properties  (Figure  4). 


Solar  darkening  and  fading  characteristics  of  two  other  6'-amino  SiNOs  (PW8 
and  IBS)  in  a  polyurethane  host  are  presented  in  Figures  5  and  6.  These  data 
illustrate  effects  of  dye  structural  mMifications  on  photochromic  activity  and 
kinetics.  IBS  incor^rates  a  minor  modification  to  the  PW8  structure,  which 
reduces  the  rate  of  the  thermal  bleaching  reaction.  This  structural  change  has 
little  effect  on  the  darkening  rate  (Figure  5)  but  significantly  slows  lading 
(Figure  6). 

The  slower  fading  dye,  IBS,  also  shows  greater  darkening  after  extended  solar 
exposure.  At  a  dye  concentration  of  0.04  wt  darkened  integrated  visible 
transmittance  of  the  IBS  sample  is  2.9%  compared  to  7.6%  for  PWS.  Since  open 
and  closed  forms  are  in  equilibrium  under  these  conditions,  reducing  the  back 
reaction  rate  shifts  eauiliorium  towards  the  open  state,  resulting  in  a  greater 
concentration  of  the  colored  form  and  hence  higher  absorbance. 

Changes  to  the  host  polymer  which  alter  the  bleaching  reaction  rate  have  a 
similar  effect  on  photochromic  activity.  For  example,  increasing  the  modulus  of 
the  host  polymer  would  be  expected  to  slow  the  bleaching  reaction  rate  and  thus 
increase  darkening  under  equilibrium  solar  exposure  conditions. 

Effect  of  Filters 

Conventional  SINOs  show  little  photochromic  activity  in  sunlight  when  Hltered 
by  glass  or  transparent  plastics.  The  activation  band  of  6’*amino  SiNOs  is  shifted 
towards  the  visible  relative  to  SiNOs,  so  they  exhibit  strong  photochromism  in 
filtered  sunlight  _  _  _  . .  . . - . 

Figures  7  illustrates  effects  of  UV  filtering  on  activity  of  6’*amino  dyes  (PW8  and 
IBs)  incorporated  at  0.04  wt  %  into  a  polyurethane.  Filters  are  materials  used  in 
aircraft  transparencies:  glass,  polycarbonate,  Acrivue  350S  stretched  acrylic  (per 
M1L-P>25690)  and  Acrivue  590  (a  polyurethane  plastic).  Data  show  that 
darkening  under  simulated  solar  conditions  is  reduced  by  all  filters  but  dyes  are 
still  very  active  and  low  equilibrium  transmission  levels  are  reached.  Dye 
concentrations  can  be  adjusted  to  readily  compensate  for  the  attenuating  effect  of 
a  filter. 

Temperature  Effects 

Temperature  has  a  very  significant  effect  on  photochromic  activity  of  SINO  and 
chromene  dyes  under  solar  exposure  conditions.  The  thermal  bleaching  reaction 
rate  increases  as  temperature  increases,  resulting  in  reduced  eq^ui librium 
darkening  (Figure  8).  At  some  temperature  limi^  which  varies  depending  on  Uie 
dye  structure  and  the  host,  the  bleaching  reaction  is  so  fast  that  photochromic 
activity  is  lost  Most  SiNOs  in  polyurethanes  show  little  activity  above  SOX. 

Dye  and  host  modifications  that  reduce  the  rate  of  the  bleaching  reaction  will 
increase  the  upper  temperature  limit  for  photochromic  activity.  However,  these 
changes  also  slow  the  fade  rate.  Such  systems  may  bleach  too  slowly  at  low 
temperatures  to  be  of  practical  utility  for  solar  control.  This  strong  temperature 
dependence  is  an  inherent  limitation  of  this  type  of  photochromic  dye.  Use  for 
solar  control  is  limited  to  applications  where  the  temperature  can  be  controlled 
within  about  a  30  •  40”C  ran^. 
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Neutral  Colored  Photochromic  Systems 


SINOs  described  in  previous  sections  are  blue  to  blue/violet  in  the  darkened 
state.  Pilkin^n  dye  design  and  synthesis  efforts  have  also  yielded  red,  green 
and  yellow  photochromies.  Level  absorbance  over  the  full  visible  range  can  he 
achieved  by  using  mixtures  of  three  or  four  dyes  (Figure  9).  This  results  in  a 
colorless/^ay/black  transition  during  darkening,  which  is  desirable  for  some 
solar  shading  applications. 

Balanced,  neutral  coloring  mixed  dye  systems  in  polyurethane  hosts  have  been 
developed  by  Piikington  and  are  undergoing  performance  testing.  Unflltered 
darkening  and  fading  transmission  spectra  of  one  mixed  system  are  shown  in 
Figures  10  and  11. 

Mixed  dye  systems  must  be  adjusted  for  specific  exposure  conditions  and  filters. 
Each  dye  in  the  mixture  has  a  different  activation  spectrum,  so  changes  in  the 
activating  light  can  alter  color  during  darkening.  Compensation  for  different 
activation  conditions  and  Hltering  normally  requires  only  adjustment  of 
individual  dye  concentrations. 

Figure  12  presents  photochromic  activity  data  for  a  dye  mixture  in  polyurethane 
which  is  neutral  when  exposed  to  unflltered  solar  radiation  but  not  neutral  when 
activated  through  a  filter.  The  filter  used  in  this  example  was  a  commercial 
aircraft  passenger  window  assembly,  consisting  of  two  stretched  acrylic  panes 
and  a  polycarbonate  scratch  shield. 

Fatigue  Life  - -  - 


Organic  photochromic  comjMunds  gradually  lose  photochromic  range  on  exposure 
to  activating  radiation  and  other  environmental  factors,  such  as  oxygen,  water 
and  elevated  temperatures.  Degradation  is  due  to  chemical  side  reactions  which 
convert  the  photochromic  compound  into  an  inactive  derivative.  The  observed 
result  is  development  of  background  color  in  the  bleached  state  and  lower 
absorbance  in  the  darkened  state. 

SINOs  as  a  class  exhibit  very  good  photochromic  fatigue  resistance.  The  host 
polymer  also  has  a  strong  innuence  on  system  durability.  Polyurethane 
compositions  which  enhance  photochromic  fatigue  resistance  have  been 
developed  and  are  being  evaluated  as  interlayers  in  transparent  laminates. 
Excellent  stability  has  been  demonstrated  in  accelerated  fatigue  testing. 

Figures  13,  14  and  15  present  accelerated  fatigue  testing  data  for  two  glass 
laminates  witl^hotochromic  polyurethane  interlayers.  One  laminate  contains  a 
blue  6'-amino  SlNO  and  the  other  a  neutral  dye  mixture.  Performance  of  both 
systems  is  essentially  unchanged  after  iOOO  hours  of  QUV-340  exposure.  The 
blue  laminate  has  also  been  exposed  ouU^’  ;r8  for  12  months  in  south  Florida  with 
no  change  in  photochromic  properties. 
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Free-standing  polyurethane  films  and  bi- layer  designs  are  expected  to  have  lower 
fatigue  resistance  than  laminates  because  the  photochromic  material  is  not  as 
well  protected  from  the  environment.  Such  designs  have  not  been  as  fully 
characterized  as  laminates. 

FHarOCHROMlG  KIJtSH  PRCyrKCTION  SYSTEMS 

The  fundamental  photochromic  process  responsible  for  generation  of  the  colored 
isomer  of  SINO  and  similar  photochromies  is  very  fast,  occurring  in  less  than  one 
nanosecond  in  solution  (Ref.  2).  The  switching  rate  of  these  compounds  in  a 
polymer  host  is  slower  but  still  very  fast  with  proper  design  of  the  host. 
Polyurethanes  with  0.2  wt  %  IBS  6’-amino  SINO  exposed  U>  a  0.84  J/cm2  xenon 
flash  lamp  pulse  for  500  psec  reach  maximum  absorbance  of  >  1.4  in  200  psec. 
Lyes  are  strongly  activated  by  Rash  exposure  through  glass  or  plastic  filters 
<Ref.  3). 

Ability  to  darken  rapidly  under  flash  conditions  allows  these  photochromies  to  be 
used  in  passive  nuclear  flash  protection  systems.  The  linuted  temperature  range 
for  darkening  with  solar  exposure  does  not  apply  for  flash  exposure.  The 
darkening  reaction  rate  is  vei^  much  higher  than  the  fading  rate  unless  the 
ambient  temperature  is  very  high.  Since  equilibrium  is  not  reached  under  flash 
conditions,  darkening  occurs  over  a  broad  temperature  range,  well  above  the 
upper  temperature  limit  for  solar  darkening. 

Slow  fading  (or  unwanted  solar  darkening)  of  a  passive  flash  protection  system 
can  be  a  problem  at  low  temperatures.  This  can  be  overrame  by  dye  and  host 
modiflcations  to  increase  the  thermal  bleaching  rate  or  by  controlling  the 
temperature  above  the  solar  darkening  limit  of  the  system. 

Pilkington  Optronics  in  the  UK  are  evaluating  photochromic  dye  technology 
describe  in  this  paper  for  visor  applications  (Iter.  4).  Performance  targets  tor 
their  program  have  been  achieved. 

Pilkington  Aerospace  participated  in  two  programs  involving  development  of 
integral  nuclear  flash  protection  systems  incorporated  into  aircraft 
transparencies.  Systems  employ  photochromic  dyes  in  ^lyurethane  interlayers 
coupled  with  other  technology.  Flash  testing  completed  to  date  has  yielded 
positive  results  and  has  highlighted  design  improvements  which  will  further 
enhance  performance. 

During  one  program,  Pilkington  Aerospace  demonstrated  ability  to  manufacture 
full-scale  tTMsparencies  with  a  thermoset  polyurethane  interlayer  containing  a 
photochromic  dye.  Processing  methods  and  transparency  structural  properties 
were  cot  affected  by  addi  tion  of  the  dye  component 


CONCI.USIONS 


1.  Recent  Pilkington  advancements  in  photochromic  technolo^  have  yielded 
materials  with  high  photochromic  activity,  a  wide  range  of  darkened  colors 
including  neutral  (^ay/black),  good  fatigue  life  ana  compatibility  with 
transparent  polymers,  particularly  polyurethanes. 

2.  Photochromic  polymer  systems  with  practical  utility  for  aircraft 
transparency  solar  shading  and  flash  protection  applications  are  now 
available. 

3.  Photochromies  incorporated  into  polyurethane  interlayer  materials  in 
laminated  transparency  constructions  have  demonstrated  excellent 
performance  in  testing  programs  for  both  transparency  solar  shading  and 
flash  protection  applications. 

4.  Incorporation  of  photochromies  into  polyurethane  coatings/lincrs  and  other 
polymeric  materials  may  also  be  feasible  but  has  not  been  fully 
demonstrated. 
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Figure  3.  Darkening  Transmission  Spectra 
of  a  6'-Amino  SINO  in  Polyurethane 

Emulated  AM2  Solar  Expoaure,  21*C 
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Figure  4.  Fading  Transmission  Spectra 

of  a  6'*Amino  SINO  in  Polyurethane 

Simulated  AM2  Solar  Expoaure,  2t*C 
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Figure  5  -  Integrated  Visible  Transmission 
(Darkening)  of  PW8  and  IBS  6'-Amino 
SINOs  in  Polyurethane 

Simulated  AM2  Solar  Expoaune,  21*C 
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Figure  6  •  Integrated  Visible  Transmission 
(Fading)  of  PW8  and  IBS  6'-Amino  SINOs 
in  Polyurethane 

Simulated  AM2  Solar  Expeaurc,  21  *C 


so  ^ 

40 

HLKtht 

PWS 

Trans 

40 

20 

<}  i 

f  1  1  r  t  t  t 

0 

f  100  200  200  400  SOO  800 

Time  (sec) 

0M%  Dye  in  Polyurethane,  No  Filter 


Figure  7  -  Effect  of  Filters  on  Equilibrium 
Darkening  of  6'-Amino  SINOs  in 
Polyurethane 

Equilibrium  «  Simulated  AM2  Solar  Exposure,  21  *C 
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Figure  8  •  Effect  of  Temperature  on  Equilibrium 
Darkening  of  SINOs  in  Polyurethane 


*  GUm  /  Polyurethane  /  Glass  Laminate 

*  1  Min  Exposure,  Simulated  AM2  Solar  Exposure 

*  at0%.  IBS/ 0.07%  PWSin  Polyurethane 
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Figure  12.  Effect  of  Filtering  on  Neutral 
Dye  System  in  Polyurethane 

Simulated  AM2  Solar  Expoaure,  21*C 


%  Tranamiaaton 


Figure  13  -  Effect  of  QUV-340  Exposure  on 
Bleached  State  Transmission  of  a  6'-Amino 
SINO  in  Polyurethane 

Class/Poiyurcthane/GlaM  Laminates 


Total  Dye  Concentration:  0.2^< 


Figure  14  -  Effect  of  QUV-340  Exposure 
on  Bleached  State  Yellowness  Index 
of  a  6'-Ainino  SINO  in  Polyurethane 

Glass/Polyurethane/Glass  Laminates 


□  Ir.ltlal 

■  After  1000  Hrs 


Blue  Neutral 


Total  Dye  Concentration:  0.2% 
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ABSTRACT 


S-240  ia  a  Slerracin/Sylmar  Corporation  propriotary  formulation  baaed  on 
polyurethapo  chomiatry,  devoiopod  to  improve  upon  the  llmitationa  of  exiating 
tranaparency  materiaia.  Analyticai  techniquca  to  avaiuate  the  propertiea  and  reactivity 
of  the  monomer  of  S-24U  are  iiluctrated.  Poiyurethanea  are  conventionaily  uaed,  as 
interfayera,  in  iaminatea  of  varioua  croaa  aectiona  for  aircraft  windahieida.  In  a  vaat 
majority  of  adndahield  deaigna  for  h!gh-apeed  aircraft  the  outer  ply  ia  compriaed  of 
acrylic,  and  the  atructural  ply  la  polycarbonate.  Both  theae  materiaia  have  field  aervice 
limiitationa,  ia  acrylic  tenda  to  crack  and  craze  raadily,  wheraia  polycarbonate  ia 
auaceptibie  to  hazing,  poor  abraaion  realatance,  and  ia  readily  attacked  by  aolventa. 
S-240,  a  high  temperature  urethme,  ia  capable  of  being  uaed  aa  an  outer  ply  and 
drcumventa  the  common  drawbacka  aaaociated  with  acrylic  faced  (outer)  pilea. 
Laboratory  teats  indicate  that  S-240  haa  auperior  high  temperature.  Impact,  abraaion, 
and  aolvent/craze  propertiea  and  ia  preaentiy  available  for  full  scale  application 
testing. 
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Introduction 


The  major  materials  currently  being  used,  as  an  exterior  ply,  for 
aircrart  transparencies  are  methyl  methacrylate  based  polymers  and/or 
glass.  Certain  inherent  limitations  exist  with  either  class  of 
materials.  In  a  prior  study,  premature  failure  of  F*16  windshields 
was  attributed  to  crazing  or  cracking  of  the  acrylic  face  ply  in  a 
vast  majority  of  cases.  Based  on  these  observations,  Sierracin  has 
developed  a  material  capable  of  enhanced  performance  and  increased 
service  life.  Development  of  an  ideal  material  can  only  be  achieved 
by  an  Iterative  process  where  the  formulation  changes  are  directly 
correlated  with  field  service  performance.  The  tremendous 
versatility  in  formulating  a  urethane  molecule  makes  it  an  ideal 
candidate  for  these  purposes. 

Polyurethanes  are  a  broad  class  of  materials  having  a  common  urethane 
( - -NH(C=0) -0*-j  chemical  linkage.  The  urethane  groups  are 
predominantly  Tormed  by  the  reaction  of  an  isocyanate  with  a  hydroxyl 
containing  compound  (Equation  1).  The  great  variations  that  are 
possible  in  the  type  and  functionality  of  the  hydroxyl  and  isocyanate 
raw  material  components  make  polyurethanes  a  uniquely  versatile 
class  of  polymers.  The  possibility  of  custom  tailoring  the  chemical 
structure  to  suit  a  particular  application's  requirements  has  opened 
a  range  of  new  uses  for  polyurethanes.  In  addition  to  urethane 
functional  groups,  polyurethanes  could  also  contain  amide,  ether, 
ester,  urea,  amine,  etc  type  functional  groups.  To  date,  however, 
no  material  is  available  that  can  withstand  the  harsh  environmental, 
chemical  and  mechanical  rigors  experienced  by  the  outer  ply  of  a 
sophisticated  aircraft  and  still  provide  the  desired  service  life 
expected  by  Operational  Commands.  S-240  addresses  -the  drawbacks 
associated  with  a  conventional  methacrylate-based  face  ply  material. 
Additionally,  the  high  temperature  capabilities  of  S-240  are  a 
significant  asset  of  this  material. 

Characteriatice  of  Segmented  Polyurethanes 

The  structure  cf  typical  segmented  polyurethanes  consists  of 
alternating  blocks  or  flexible  chains  of  low  glass  transition 
temperature  (Tg),  amorphous  or  low  melting  components  (soft 
segments),  and  a  relatively  rigid  block  component  (hard  segments) 
that  has  a  crystalline  melting  point  well  above  room  temperature. 
The  varying  polarity  and  chemical  nature  of  both  the  blocks  tends  to 
separate  the  polymer  into  two  phases  designated  "soft*  and  "hard”. 
The  hard  blocks  tend  to  associate  into  domains  because  of  chemical 
structure  and  hydrogen  bonding.  The  extent  of  phase  separation  has 
a  significant  effect  on  the  final  properties  of  the  polyurethane. 

Polyurethanes  are  typically  categorized  based  on  the  ratios  and  types 
of  the  above  components.  Soft  segment  concentration  (SSC)  is  defined 
as  the  ratio  of  the  mass  of  polyol  chain  without  the  terminal 
hydroxyl  groups  to  the  total  mass  of  the  polymer,  usually  expressed 
as  a  percentage.  The  difference,  making  the  total  100%,  is  tne  hard 
segment  concentration  (HSC) .  A  one  phase  polyurethane  can  also  be 
obtained  by  reacting  the  soft  segment  polyol  with  Isocyanates, 


without  the  use  of  a  chain  extender  to  obtain  one  dimensional 
polyurethanes  with  significantly  reduced  properties  such  as  tensile 
strength,  modulus,  etc. 

The  structure,  concentration  and  organization  of  the  hard  segment 
blocks  have  a  dominant  influence  on  the  physical  and  mechanical 
properties  of  the  polymer.  Characterizing  the  property  changes  that 
occur  with  formulation  changes  is  important  in  order  to  develop  a 
polymer  for  specific  end-use  applications.  Analytical  techniques 
like  differential  scanning  calorimetry  (DSC),  thermomechanical 
analysis  (TMA;,  Fourier  transform  infrared  spectroscopy  (FTIR)  and 
dynamic  mechanical  analysis  (DMA)  are  ideal  tools  for  polymer 
characterization  in  relation  to  useful  and  desired  practical 
properties. 

Chemistry  and  Moroholoov  of  Polyurethanes 

Polyurethanes  are  polymers  which  have  the  characteristic  linkage 
-NH-(Ca0)-0-.  These  are  formed  when  a  diol  undergoes  step-growth 
polymerization  with  a  diisocyanate.  Segmented  polyurethanes  are 
obtained  by  two  basic  procedures;  the  prepolymer  technique  and  the 
’one  shot ’'method.  In  the  former  case,  the  polymer  is  synthesized 
by  ’capping’  or  terminating  the  reactive  groups  on  the  polyol  with 
an  excess  of  difunctional  isocyanate  in  specific  equivalent  amounts 
required  to  obtain  the  requisite  soft  or  hard  segment  concentration. 
This  "pseudo*  prepolymer  macrodiisocyanate  is  subsequently  used  in 
chain -extending  with  a  low  molecular  weight  diol  or  glycol  (Figure 
1 ) .  The  soft  and  hard  segments  are  each  more  nearly  uniform  in 
length.  In  the  ’one  shot’  case,  the  diisocyanate,  polyol  and  glycol 
react  directly  to  yield  a  more  polydlspersed  polymer  (Figure  2)  where 
the  length  of  the  hard  and  soft  segment  blocks  is  more  random. 
Typical  isocyanate  reactions  are  as  follows: 

n(0=C=N-R-N=C*0)  +  n(HO-R’-OH)  - >  •( -C-N-R-N-C-O-R’ -0- ) •,  (1) 

OH  HO 

Urethane  Formation 

R-NCO  ♦  HO-R’  >  R-NH(C»0)0-R’  (2) 

urea  Formation 

R-NCO  HjN-R’  >  R-NH(C«0)NH-R’  (3) 

Reaction  with  Water 

R-NCO  +  HjO - >  R-NH(C=0)-0H  >  R-NH,  CO,  (4) 

Allophonate  Formation 

R-NCO  +  -NH(C=0)0-  >  -N-(C*0)0-  (5) 

RNH-C-0 
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R-NCO  +  ♦NH(C«0)NH.  - -  -N*(C»0)-NH-  (6) 

RNH-C»0 

An  Ideal  segmented  polyurethane  can  be  prepared  only  if  equations  (3) 
through  (6)  are  suppressed.  The  polymerization  kinetics  of 
polyurethane  formation  is  not  exactly  of  second  order.  The  overall 
kinetics  is  of  third  order  at  very  low  concentrations  (*0H)  but  of 
second  order  at  higher  concentrations.  The  structure  of  a  segmented 
polyurethane  is  highly  heterogenous  and  depends  strongly  on  the 
reaction  conditions  as  well  as  the  reactivity  of  the  individual 
components,  choice  of  catalyst,  and  the  presence  of  impurities. 
Stoichiometric  adjustments  are  necessary  to  obtain  a  system  with 
optimal  molecular  weight.  The  structural  formulae  of  the 
industrially  important  diisocyanates  are  given  in  Figure  3.  A 
synergistic  combination  of  some  of  these  Isocyanates  has  proven  to 
provide  beneficial  optical  and  physical  properties  which  has  enabled 
us  to  develop  the  S-240  class  of  polymers  comprised  of  a  linear 
compact  molecule  with  significant  intermolecular  interactions  and 
good  phase  separation. 

Segmented  polyurethanes  possess  a  two  phase  morphology  wherein  the 
hard  and  soft  segments  are,  to  varying  degrees,  incompatible  with 
each  other  (Figure  4).  Despite  this  incompatibility,  however,  a 
slonificant  amount  of  mixing  between  hard  and  soft  segment  blocks 
exists.  Hydrogen  bonding  between  hard  and  soft  blocks  or  between 
individual  hard  blocks  can  beneficially  affect  the  physical 
properties  of  the  polymer  (Figure  5).  In  the  latter  case  a  three* 
dimensional  molecular  domalrr  structure  can  exist  to  produce  polymers 
with  the  temperature  capabilities  similar  to,  crosslinked  or 
thermosetting  systems. 

The  appearance  of  spherulites  In  the  polymer  may  be  due  to  the 
building  of  hard  blocks  in  a  transverse  direction  to  the  molecular 
axis  (Figure  4).  The  morphology  of  segmented  polyurethanes  is  also 
dependent  on  the  chemical  constitution  and  thermal  history  of  the 
polymer.  The  performance  of  polvurothanes  at  elevated  temperatures 
Is  dependant  on  the  structure  or  the  hard  blocks  and  their  ability 
to  remain  associated  at  these  temperatures.  DSC  analysis  indicates 
a  transition  temperature  for  the  soft  blocks  at  greater  than  *30”  C 
(•22”F),  an  endotherm  corresponding  to  the  dissociation  of  hydrogen 
bonding  in  the  soft  segments  at  less  than  80”  C  (176”F),  an  endotherm 
due  to  break-up  of  the  urethane  hydrogen  bonds  at  less  than  150”C 
(302” F).  and,  lastly,  transitions  above  160” C  (320” F)  which  are 
attributed  to  the  thermal  dissociation  of  the  hard  block  aggregates. 

Prooerbes  of  S-240 

Although,  as  previously  mentioned,  the  chemical  structure  and 
physical  properties  of  polyurethanes  can  vary  widely  with  minor 
changes  in  formulation,  all  data  presented  in  this  study  has  been 
taken  from  material  of  the  same  Slerracin/Sylmar  proprietary 
formulation  to  assure  continuity. 
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The  tensile  strength  was  measured  using  a  United  Calibration  test 
machine  with  a  1000  lb  load  cell.  The  specimens  were  cut  as  per  ASTM 
D  1708.  The  average  values  from  5  specimens  has  been  reported.  The 
samples  were  mounted  in  mechanical  grips  with  serrated  faces.  The 
tensile  properties  are  summarized  in  Table  1.  The  exact  variation 
in  the  hard  segment  content  affects  the  modulus,  tensile  strength  and 
ultimate  elongation  significantly.  This  effect  is  illustrated  in  the 
S-240  formulations  ‘A’  through  'D*. 


The  softening  characteristics  were  determined  by  thermomechanical 
analysis  (TMA)  using  a  Perkin-Elmer  Thormomechanical  Analyzer,  TMS-2 
with  a  Perkin-Elmer  System  4  thermal  analysis  microprocessor 
controller.  The  samples  were  heated  in  a  helium  atmosphere  under  a 
100  psi  load.  The  heating  rate  was  10*C  (18*F)  per  minute.  The 
samples  were  run  from  30*C  (86“F)  to  the  softening  point  of  the 
sample.  The  TMA  trace  in  Figure  6  displays  the  effect  of  the  chain 
extender  (diol)  on  the  softening  point  of  the  urethane.  The 
softening  point  of  S-240  was  193* C  (379* F). 

The  curing  characteristics  of  the  polymer  were  evaluated  using  a 
Perkin-Elmer  DSC-4  (differential  scanning  calorimeter).  The 
Instrument  was  purged  with  nitrogen.  A  premixed  sample  weighing  8 
to  15  mg  was  encapsulated  in  a  high  pressure  aluminum  pan  and  crimped 
before  placing  into  a  DSC  sample  chamber.  The  test  was  run  from  40* C 
(104*F)  to  220*0  (428* F)  at  10*0  18* F)  per  minute.  The  DSO  studies 
gave  significant  insight  into  optimization  of  catalyst  level  and 
curing  conditions.  The  OSO  thermograms  depicted  in  Figure  7  indicate 
the  effect  of  catalysts  on  the  curing  characteristic  of  S-240  system. 
The  curing  kinetics  were  interpreted  from  dynamic  experiments.  The 
amount  of  catalyst  decreased  the  peak  curing  temperature  from  173*0 
(343* F)  to  113*0  (235* F). 


The  dynamic  mechanical  properties  were  evaluated  using  a  Rheometrlcs 
Dynamic  Analyzer  (ROA-700).  The  sample!^  were  run  in  a  rectangular 
torsion  mode.  A  liquid  nitrogen  controller  was  used  to  attain 
appropriate  temperature.  The  test  measurements  were  taken  at  10*0 
(18* F)  Intervals  with  a  3  minute  equilibration  duration.  Figure  8 
aeplcts  a  typical  DMA  trace  of  S-240.  The  polymer  system  manifests 
significant  phase  separation  as  Indicated  by  the  tan  delta  trace. 
In  general,  use  of  DMA  analysis  has  allowed  tremendous  Insight  into 
the  formulation  aspects  or  S-240,  and  has  cut  development  time 
considerably. 

The  extent  of  phase  separation  Sttalned  for  a  combination  of  isomers 
at  specific  levels  of  hard  segment  was  extremely  critical.  Figure 
9  demonstrates  the  variation  in  modulus  for  such  specific 
combinations.  Lastly,  the  DMA  traces  of  the  two  most  widely  used 
transparency  materials,  acrylic  and  polycarbonate,  are  compared  with 
8-240  (Figure  10).  The  modulus  of  S-240,  from  room  temperature  to 


the  glass  transition  temperature,  was  lower  than  either  of  the 
materials.  However,  the  enhanced  dissipation  capability  offsets  the 
effect  of  lower  modulus  as  the  tough  characteristics  of  S*240  enhance 
the  resistance  to  crazing  and  cracking  as  compared  to  acrylic. 

Abrasion  Resistance 

The  abrasion  characteristics  of  S-240  were  evaluated  as  per  ASTM  F- 
735,  using  a  Bayer  abrader.  The  delta  haze  values,  after  600 
strokes,  for  a  series  of  S-240  formulations  are  given  in  Table  2. 
The  apparent  increase  in  haze  after  abrasion  is  directly  related  to 
the  increased  stiffness  in  the  formulation. 

li!ap.ag.t,...T.9.sXii}a 

The  impact  performance  of  thin  sections  of  S-240  sheet  was  evaluated 
using  a  Gardner  impact  tester,  with  a  half  inch  hemispherical 
indenter.  Table  3  illust'*ates  the  impact  characteristics  of  a  series 
of  S-240  formulations.  Xmpact  performance  is  significantly  superior 
to  acrylic  of  similar  thickness  and  is  similar  to  polycarbonate,  the 
most  impact  resistant  material  used  in  aircraft  transparency 
application. 

Craze  Resistance  and  Chemical  Exposure 

Tables  4  and  5  summarize  the  ability  of  S-240  to  withstand  various 
solvents.  The  craze  testing  was  performed  onal5x1x0.07  inch 
thick  beam  sample  according  to  Mil - P-81 84E.  The  poor  craze 
resistance  of  acrylic  at  71*C  (160*F)  is  in  sharp  contrast  to  the 
superior  craze  resistance  of  S-240.  The  chemical  exposure  studies 
were  done  using  a  IS  minute  liquid  saturated  patch  test.  Also,  S-240 
performs  satisfactorily  when  exposed  to  various,  simulated  chemical 
warfare  agents. 

Hiah  JgfflpgnatuTff  ■■C.flBabAlltJ.ffs 

Extensive  testing  was  done  to  evaluate  the  performance  of  S-240  in 
comparison  to  other  high  temperature  materials  readily  available  in 
the  market.  The  various  materials  tested  are  listed  in  Table  6.  A 
comparative  study  exposed  the  materials  to  177*C  (350**F),  204*C 
(400*F),  and  246^C  (475*F)  for  one  hour. 

Degradation  is  enhanced  at  temperatures  above  the  glass  transition 
temperature  (Tg).  Consequently,  modulus  was  measured,  using  DMA,  at 
fixed  temperatures  and  varying  frequencies  (frequency  sweep)  before 
and  after  the  thermal  exposure.  Decrease  in  modulus  at  a  specific 
frequency  indicates  the  extent  of  degradation.  Table  7  summarizes 
the  change  in  modulus  after  temperature  exposure  for  the  different 
materials.  S-240  was  the  only  material  that  survived  246** C  (475* F) 
exposure  testing. 

Prpcess ,  Ctiaractcrlgtica.  -pf-,a.:.2.4.P 

Cast  sheets  of  S-240  were  successfully  laminated  to  polycarbonate 
with  a  urethane  interlayer  (configuration  similar  to  an  F-16).  The 
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cast  laminate  was  subsequently  vacuum  formed  to  stretch  the  outer  S> 
240  ply  over  28  percent.  Adhesion  of  S-240  to  the  urethane  was 
excellent.  No  delamination  or  other  adverse  effects  occurred  and  no 
abnormalities  were  observed  after  the  forming  cycle. 

Conclusion 

Sierracin  S-240  is  a  potential  faceply  material  which,  when  laminated 
to  a  suitable  structural  ply,  is  expected  to  improve  the  service  life 
of  advanced  transparencies  significantly.  S-240  eliminates  the 
drawbacks  associated  with  conventional,  external  acrylic  based  cross 
sections.  The  overall  advantages  of  an  S-240  system  are  summarized 
in  Table  8. 


Sierracin  is  currently  under  contract  to  scale-up  the  S-240 
technology  to  full  size  operational  transparencies. 
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Table  1  TENSILE  PROPERTIES  of  S-240  Formulations 
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Table  2  Abrasion  Resistance 
Bayer  Abrader,  600  cycles  J 


Tables  IMPACT  TESTING 

Gardner  Impact  Tester.  Sample  thickness  0.07 


Table  4  CRAZE  TEST  50  /  50 IPA  /  H20 


Table  5  Chemical  Resistance  of  S-240  Formulations 


Table  6  List  of  High  Temperature  Materials  Evaluated 
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Table  7  Effect  of  High  Temperature  Exposure  on  Shear  Modulus 

DMA  FREQUENCY  SWEEP  @  220C  (428F) 
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Tabte  8  MATERIAL  PROPERTIES  SUMMARY 


STEP  I 


URETHANE  B4ANUFACTURE  -  PREPOLYMER  ROUTE 

Fiff.  1 


Oiol  chain  extension 


HO-A-OH  +  OCN-Rj-OCN  +  HO-Bj-OH 


Lincsr  polyaaier  or 
poljether  diol 


Diiaooyonoto 


Structure 

repestting 

unit 


Low  meleeulor  woight 
diol 


I  Isoejrtnato  | 


Low  moleenlar 
weight 
diol 


0  0  /o  I  j  0  r  i\ 

H  n  H  I  t  n  I  I 

-£-NH-R,-NH-C-0~A\0-C-NH-Ri-NH-C-0-R.-Oi 

1  I  'I  I  ^  I  I  2  A 


I 

I  I 

I  I 

{P«l]mtar|  TJretheae 

•  OIP  i 


I 

jpelT^I 


h 


I 
I 

jUrethaaej 


jPlaxlblaj 

'atgntBt' 


Rigid  aegment 


URETHANE  MANUFACTURE  -  ONE  SHOT  PROCESS 

Fif.  2 
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STRUCTURAt  FORMUUE  OP  DIISOCYATES 

rif.  3 
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-  Hard  segments 


SCHEMATIC  REPRESENTATION  OF 
SEGMENTED  POLYURETHANES 


MANIFESTATION  OF  HYDROGEN  BONDING  IN  POLYURETHANES 

(i)  eiter-*urtbane  (b)  ether-urethane  (c)  urethane-urethane 

Fig.  5 
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TEMPERATURE  (C) 

Rg.  6  TMA  TRACE  for  S-240  Formulations 


Fig.  7  DSC  THERMOGRAMS  for  S-240 


DYNAMIC  MECHANICAL  PROPERTIES  OF  S~240 


'EMPERATURE  (C) 

TRACE  for  S-240  Formulations 


acrylic  (AC),  polycarbonate  (PC)  and  S-240 


UNDERSTANDING  CURRENT  MATERIALS  -  PART  B 
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SOLID  PARTICLE  IMPACT  EFFECTS  ON  AIRCRAFT  TRANSPARENCIES 


Robert  G.  Ceding 

PDA  Engineering 
2975  Redhiil  Avenue 
Costa  Mesa,  CA  92626 


ABSTRACT 

Both  military  and  commercial  aircraft  may  be  forced  to  operate  in 
environments  which  contr.in  significant  loadings  of  dust,  sand  and  debris. 
Distributions  of  small  solid  particulates  can  extend  to  flight  altitudes  and  remain 
airborne  for  significant  periods.  Detection  and  avoidance  of  such  particle 
environments  by  operational  aircraft  is  not  feasible  with  current  instrumentation. 
Thus,  the  response  of  aircraft  transparencies  to  solid  particle  impacts  is  an 
important  issue. 

Under  government  sponsorship,  PDA  Engineering  has  developed  and 
_  -.currently  operates  a  test  facility  to  simulate  the  effects  of  solid- particle  impacts  on 
critical  aircraft  surface  materials.  With  this  facility,  the  key  impact  parameters  (i.e. 
particle  size,  speed,  impact  angle  and  total  mass  loading)  can  be  controlled 
independently.  Data  from  the  facility  are  used  to  assess  the  vulnerability  of 
existing  aircraft  surfaces/components,  evaluate  erosion  resistant 
materials/protective  techniques  and  to  provide  an  experimental  database  for  the 
development  of  predictive  response  models.  Aircraft  windscreens,  canopies  and 
sensor  windows  are  especially  vulnerable  to  particle  environments.  The  response 
of  aircraft  transparencies  to  particle  impacts  will  be  presented  in  terms  of  the 
physical  damage  mechanisms  and  optical  degradation. 

Particle  impact  damage  extends  beyond  the  laboratory.  The  hazard  to 
aircraft  operations  posed  by  airborne  particulates  has  been  well  established  through 
a  number  of  commercial  aircraft  encounters  with  volcano-generated  ash  clouds.  A 
Boeing  747-400  co-pilot  front  windscreen  which  flew  into  a  Mt.  Redoubt  ash  cloud 
was  obtained  and  evaluated.  The  physical  and  optical  degradation  characteristics 
of  this  transparency  which  occurred  in  flight  are  presented. 
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INTRODUCTION 


The  hazards  to  aircraft  operations  posed  by  airborne  sand /dust 
environments  have  been  well  established  in  receni  years  through  commercial 
aircraft  encounters  with  volcano-generated  ash  clouds  and  military  aircraft 
experiences  in  Desert  Shield/Storm  operations.  These  experiences  have  shown 
that  a  number  of  aircraft  surfaces  and  components  are  vulnerable  to  solid  particle 
impact  damage.  Specifically,  volcanic  ash  cloud  encounters  have  resulted  in  the 
loss  of  engines  (for  a  significant  period  of  time),  severe  hazing  of  forward 
windscreens  and  landing  light  lens,  plugging  of  pitot-static  probes  and  removal  of 
paint  on  leading  edges  and  forward-facing  surfaces. 

Aircraft  transparencies  including  windscreens,  canopies  and  sensor 
windows  are  particularly  vulnerable  to  solid  particle  impact  damage.  Although 
windscreen  hazitig  is  not  as  serious  as  engine  loss,  damage  to  transparencies  ter  . 
to  occur  at  much  lower  particle  loadings  than  do  engine  related  effects.  Thus,  for 
particle  environments  less  severe  than  volcanic  ash  clouds,  for  example, 
transparency  degradation  will  likely  be  a  primary  damage  mode.  For  military 
aircraft  operations,  aircrew  visibility  loss  and/or  sensor  performance  degradation 
can  have  a  significant  impact  on  mission  performance  and  crew  safety.  In 
addition,  aircraft  transparencies  are  expensive  components  and  the  reduced 
service  life  associated  with  operations  in  sand/dust  environmei.ts  has  important 
cost  implications. 

The  interaction  of  solid  airborne  particles  with  aircraft  systems  is  a  complex 
one  and  involves  several  issues  including:  (1)  the  characteristics  of  the  ambient 
particle  environment,  (2)  the  interaction  of  the  particles  with  the  aircraft  flowfield, 
(3)  the  actual  response  of  aircraft  surfaces  to  the  particle  impacts  and  (4)  the  effects 
of  particle-induced  damage  on  aircraft  system  performance  and  component  service 
life.  It  is  important  to  recognize  that  the  damage  produced  by  irregularly  shaped 
solid  particles  is  significantly  different  than  that  due  to  waterdrop  impacts. 
Although  an  extensive  database  exists  for  rain  erosion  effects  on  materials  of 
interest,  these  data  are  generally  not  of  value  in  assessing  solid  particle  impact 
damage.  The  physics,  of  the  impact  process  and  materials  response  are  quite 
different  for  waterdrop  and  sand /dust  particle  impacts. 

Although  a  better  understanding  of  ambient  particle  environments  and  the 
perturbation  of  those  environments  by  the  aircraft  flowfield  is  important,  the 
primary  need  is  an  understanding  of  the  material  /  component  response  so  that 
materials  related  vulnerability  issues  can  be  addressed.  To  characterize  the  impact 
response  of  critical  aircraft  materials,  a  valid  experimental  simulation  of  particle 
im.pact  effects  was  required  to  assess  vulnerability  of  existing  aircraft  surfaces  and 
components,  evaluate  erosion  resistant  materials,  assess  mitigation  techniques 
and  provide  an  experimental  database  for  the  development  of  predictive  response 
models. 


When  the  issue  of  aircraft  dust  erosion  was  first  addressed  in  the  early  1980s, 
no  suitable  facility  existed  for  characterizing  dust  erosion  effects  on  aircraft 
surfaces.  Single  impact  test  capabilities  did  exist  for  investigating  the  physics  of  the 
impact  process;  however,  this  type  of  approach  could  not  simulate  realistic  particle 
loadings  over  multi-sample  arrays.  Although  a  fairly  extensive  solid  particle 
erosion  database  existed  at  that  time,  it  was  for  materials  and  impact  conditions 
that  were  not  relevant  to  aircraft  or  missile  flight  through  particle  environments. 
These  erosion  data  were  generated  for  low  velocity  impacts  (<  100  m/s)  of 
alumina,  silicon  carbide  or  quartz  particles  of  which  only  quartz  is  indicative  of 
natural  mvironments.  The  standard  erosion  facilities  such  as  particle  laden  arc 
heaters,  combustion  tunnels,  and  rocket  sled  ranges  were  not  suitable  to  simulate 
the  subsonic  velocity  regime,  had  high  uncervainties  on  particle  size  and  impacted 
mass,  limited  (short)  test  times,  ard  were  complex  and  expensive  facilities  to 
operate. 

The  capability  to  conduct  coupon  scale  tests  in  a  well  characterized  and 
controlled  particle  environments  was  established  at  PDA  Engineering's  laboratory 
facilities  through  DOD  support  in  1983.  This  facility  was  later  expanded  and  has 
been  in  operation  since  1986  imder  the  sponsorship  of  the  Defense  Nuclear  Agency 
(DNA).  Test  programs  have  been  conducted  for  a  number  of  government  agencies 
and  industry  users.  A  variety  of  materials  including  transparencies,  paints, 
coatings  and  composite  materials  have  been  evaluated. 

-  This  paper  describes  the  experimental  technique  and  associated  facility 
developed  for  simulating  solid  particle  impact  effects  on  various  aircraft  surfaces 
including  transparencies.  The  response  of  typical  transparency  materials  to 
particle  impacts  as  well  as  the  effects  of  the  key  impact  parameters  are  examined. 
Also,  as  an  example  of  erosion  effects  on  actual  flight  hardware,  the 
characterization  of  a  Boeing  747  front  windscreen  which  encountered  a  Mt. 
Redoubt  ash  cloud  in  December  1989  is  presented  in  terms  of  both  physical  damage 
and  optical  degradation. 

DUST  EROSION  PAOLITY 

The  general  requirement  for  simulating  the  response  of  surface  materials  to 
particle  impacts  is  to  effectively  match  the  key  physical  parameters  associated  with 
the  impact  phenomenology.  These  parameters  include  particle  type/size,  mass 
concentration,  impact  velocity,  impact  angle,  and  air  flow.  Thus,  simulation  of 
aircraft  dust  erosion  effects  requires  a  facility  which  can  produce  steady,  well 
controlled,  low-concentration  particle  flow  environments.  Since  aircraft  operation 
is  predominantly  at  subsonic  cruise  speeds,  a  high  velocity  test  capability  is  not  a 
primary  requirement.  However,  accurate  control  of  impacted  particle  mass  and 
velocity  are  required  over  a  broad  range  of  velocities  in  order  to  determine  the 
erosion  characteristics  of  critical  materials. 


/ 

/ 
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In  order  to  provide  a  suitable  test  facility  for  addressing  aircraft  erosion 
issues,  PDA  Engineering,  developed  what  is  currently  known  as  the  DNA  Dust 
Erosion  Test  Facility.  This  facility  was  designed  to  meet  a  wide  range  of  flight 
environments  and  provides  precise  control  over  the  key  physical  parameters  in  a 
laboratory  test  environment.  The  facility  is  located  at  PDA  Engineering's 
laboratory  facilities  in  Santa  Ana,  California.  Specific  simulation  requirements 
included  particle  sizes  from  <38  to  250  ^m,  particle  mass  fluxes  as  low  as  0.5 
mg/cm^/min,  run  times  from  a  couple  minutes  to  over  an  hour,  particle 
velocities  over  a  broad  range  of  subsonic  Mach  numbers  (20  •  300  m/s)  and 
adjustable  impact  angles  (15  -  90  deg  with  respect  to  the  specimen  surface). 

Simulation  Approach 

In  order  to  accomplish  simulation  requirements,  dust  particles  are 
accelerated  in  a  small  diameter  (approximately  0.25-inch)  high  speed  gas  jet  and 
caused  to  impinge  on  a  test  specimen  as  illustrated  in  Figure  1.  Since  the  diameter 
of  the  dust  jet  is  smaller  than  the  test  specimen  area,  the  specimen  holder  and  jet 
are  articulated  so  that  the  test  specimen  is  moved  through  the  dust  jet  in  a 
uniform  manner.  This  articulation  provides  a  uniform  particle  loading  (dust 
mass  intercepted  per  unit  surface  area)  over  an  approximately  square  area  of  310 
cm2  (i.e.  6.9-inch  square). 

The  transport  gas  stream  is  provided  by  either  compressed  air  or  pure 
nitrogen  (GN2)  with  regulators  and  pressure  transducers  to  measure  and  control 
the  pressure  at  the  nozzle  inlet.  Dust  particles  are  metered  into  the  transport  gas 
stream  from  a  pressurized  screw  feeder  system  (Accu-Rate  Series  300).  With  this 
system  both  screw  type,  diameter  and  RPM  can  be  controlled  to  provide  a  wide 
range  of  flow  rates  with  particle  sizes  from  a  few  micron  to  millimeters.  Particle 
flows  are  uniform  and  stable.  The  dust  mass  flow  rate  is  established  by  prior 
calibration  for  each  particle  size  range  or  special  blend.  The  total  particle  mass 
delivered  to  the  specimen  is  then  determined  from  the  measure  exposure  time 
and  the  calibrated  particle  feed  rate. 

Dust  velocity  is  determined  as  a  function  of  the  nozzle  inlet  pressure  and 
the  particle  size  by  pre  and  post-test  calibration.  A  laser  doppler  based  velodmeter 
(LDV)  is  used  to  rapidly  obtain  accurate  velocity  distributions  for  large  particle 
sample  sizes.  Thus,  for  a  given  test  with  a  specified  particle  size,  a  specific  test 
velocity  is  selected  from  this  velocity  versus  pressure  calibration.  Once  the 
pressure  condition  is  established,  particle  velocity  is  verified  via  both  pre  and  post¬ 
test  measurements  using  the  LDV  system.  Partkie  impact  uniformity  over  the  test 
area  is  determined  by  exposing  a  6  x  6-inch  glass  sheet  at  the  test  conditions  of 
interest.  Haze  measurements  are  then  conducted  at  25  locations  over  the  glass 
sample  with  the  standard  deviation  the  haze  values  providing  a  measure  of 
exposure  uniformity. 


Particle  size,  velocity  artd  impact  angle  can  be  controlled  independently. 
This  provides  an  excellent  capability  to  parametrically  evaluate  the  response  of 
critical  aircraft  materials  to  solid  particle  impact  effects.  Materials  from  such 
components  as  leading  edges,  windscreens,  radomes,  paints  and  any  special 
coatings  can  be  evaluated  in  a  well  controlled  laboratory  environment  under 
realistic  particle  impact  conditions.  Details  of  this  facility  are  described  in 
Reference  1.  A  photograph  of  the  primary  test  hardware  is  presented  in  Figure  2 
which  shows  the  gas  flow  control  panel,  an  earlier  (fluidized  bed  type)  particle  feed 
system,  the  test  chamber,  switching  box  for  diagnostic  instrumentation  and  a  strip 
chart  recorder.  Separate  areas  for  specimen  preparation,  physical 
examination/measurement  and  optical  evaluation  are  also  part  of  the  laboratory 
facility  but  are  not  shown. 

Test  Particles 

The  primary  concerns  in  selecting  a  test  particles  for  simulating  erosion 
response  are  (1)  that  the  particle,  composition  and  shape  representative  of  real 
environments  and  (2)  that  the  material  is  available  in  a  broad  range  of  sizes. 
Although  a  variety  of  particle  types  and  sizes  can  be  used  test  facility,  most  of  the 
testing  conducted  on  transparencies  to  date  has  utilized  a  crushed  silica  material 
ranging  in  size  from  <38  pm  to  177  pm.  The  material,  ,'eferred  to  as  foundry  sand, 
is  96%  silica  with  a  trace  of  iron  (providing  a  brown  color).  The  material  is 
purchased  in  bulk  and  specific  particle  size  ranges  are  obtained  by  sieving.  Ten 
screen  sizes  ate  available  and  particle  cuts  between  most  of  the  adjacent  screen 
sizes  are  maintained  in  stock.  TT^e  three  different  sizes  of  the  crushed  silica 
material  are  shown  in  the  photomicrographs  in  Figure  3.  The  particle  shape  and 
composition  is  quite  similar  to  desert  sand  samples  from  the  middle  east. 

Test  Specimen  Confiyuration 

Due  to  the  facility  design  and  test  approach,  flat  test  specimens  are  the 
standard  configuration;  however,  specimens  with  moderate  curvature  can  be 
accommodated  with  some  loss  in  exposure  uniformity.  Test  fixtures  exist  to 
handle  up  to  6  x  6-in  square  (flat)  specimens.  For  materials  screening  tests,  an 
array  of  9  specimens  of  2  x  2-inches  (see  Figure  4)  or  16  specimens  of  1-inch 
diameter  can  be  accommodated  in  existing  test  fixtures.  The  1-inch  diameter 
sample  array  is  used  primarily  for  sensor  window  materials.  The  use  of  sample 
array  for  screening  tests  reduces  the  number  of  exposures  required  and  provides  a 
direct  comparison  between  materials.  Also,  the  specimens  can  be  exposed 
incrementally  with  physical  characterization  and/or  performance  measurements 
conducted  after  each  exp<isure.  Thus,  material  response  (e.g.  mass  loss,  haze,  IR 
transmissivity,  etc.)  can  be  determined  as  a  function  of  the  particle  loading 
(gm/cm^)  for  specific  test  conditions  (i.e.  particle  size,  velocity  and  impact  angle). 


Relationship  to  Flight  Environment 


The  dust  erosion  test  facility  differs  from  the  real  flight  environment  in  that 
a  stationary  test  specimen  is  impacted  by  a  moving  dust  field.  Whereas  the  key 
parameters  in  the  flight  environment  are  the  static  particle  cloud  concentration 
(mass  of  particles  per  unit  volume)  and  the  aircraft  velocity,  in  the  dust  erosion 
facility  the  key  parameters  arc  the  particle  mass  loading  (mass  of  particles  per  unit 
surface  area)  and  particle  velocity.  For  the  range  particle  flow  rates  and  velocities 
tnat  can  be  achieved  in  the  facility,  the  key  parameter  for  correlating  material 
damage  Is  the  particle  mass  loading  since  it  represents  the  total  particle  mass 
impacting  a  unit  area  of  the  test  surface.  The  relationship  between  the  particle 
mass  loading  in  the  test  facility,  the  impact  velocity,  and  the  particle  cloud 
concentration  in  the  flight  environment  is  as  follows: 

^  s  0.006  Cc  Up  At  sina  (1) 


where 

Am  -  particle  mass  impacting  reference  surface  area  (Ag), 

Cc  ~  ambient  cloud  concentration  (gm/m^) 

Up  =  impact  velocity  (m/sec) 

As  =  surface  reference  area  (=  310  cm^) 
a  =  impact  angle  (normal  impact  =  90®) 

At  =  exposure  time  (minutes) 

In  the  test  facility,  the  particle  mass  flow  rate  (Am/At)  is  controlled  by 
adjusting  the  screw  feeder  system.  This  involves  adjusting  either  the  speed  of  the 
screw  and/or  the  screw  diameter.  For  the  current  facility  configuration,  stable 
particle  flows  can  be  achieved  for  particle  flow  rates  between  approximately  0.2 
and  20  gm/min. 

For  specific  test  conditions,  the  corresponding  equivalent  cloud 
concentration  range  that  can  be  simulated  in  the  dust  erosion  facility  is 
determined  from  Equation  (1).  Solving  for  the  cloud  concentration,  Cc  *  yields: 


Cc 


•  166.7 


Am 

UpA$At  sina 


(2) 


For  example,  with  normal  particle  impact  at  a  velocity  of  250  m/s  (820 
ft /sec),  equivalent  cloud  concentrations  between  0.00043  and  0.0430  gm/m^  can  be 
simulated  in  the  dust  erosion  facility  corresponding  to  the  maximum  particle  flow 
rate  (20  gm/min)  and  the  minimum  flow  rate  (0.2  gm/min). 
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TRANSPARENCY  RESPONSE 


Aircraft  transparencies  are  particularly  vulnerable  to  solid  particle  impact 
damage.  These  include  cockpit  transparencies,  windscreens  and  canopies,  which 
are  required  for  aircrew  vision  as  well  as  sensor  windows  such  as  those  used  on 
FUR  systems.  Strategic,  and  commercial  aircraft  generally  have  large  composite 
windscreens  which  utilize  a  glass  outer  ply.  These  glass  plies  are  strengthened  by 
chemical  or  thermal  tempering  thus  providing  a  hard  surface  for  resisting  minor 
abrasion  damage.  Tactical. aircraft  canopies,  on  the  other  hand,  generally  have 
complex  shapes  which  require  formable  plastic  materials  such  as  acrylic  and 
polycarbonate.  These  materials  are  softer  than  glass  and  more  easily  pitted  and 
scratched.  Sensor  windows  utilize  glasses  and  polycrystalline  materials  with 
special  coatings  in  order  to  achieve  high  transmittance  in  selective  wave  bands, 
^th  substrate  materiab  and  coats  are  susceptible  to  particle  impact  damage. 

The  response  of  the  transparency  surface  to  particle  impacts  is  material 
dependent.  Glasses  and  polycrystals  are  brittle  materials  which  can  easily  fracture 
under  particle  impact  loads  while  plastics  are  soft  and  deform  when  impacted  by  a 
solid  particles.  Since  the  transparency  is  a  critical  component  in  an  optical  imaging 
system,  even  minor  surface  damage  may  seriously  degrade  the  optical 
performance  of  the  system.  Optical  degradation  occurs  well  before  any  significant 
material  mass  loss  occurs.  Impact  induced  surface  craters  act  as  scattering  centers 
for  incident  light.  This  scattered  light  appears  as  a  veiling  luminance  which 
reduces  the  image  contrast  and  impairs  aircrew  visibility  and  optical  detector 
-  performance.  This  effect  is  generally  referred  to  as  hazing  and  is  measured  for 
visible  transparencies  in  the  laboratorv  with  a  Hazemeter  in  accordance  with 
Federal  Test  Standard  No.  406,  Method  3022  or  ASTM  Method  D  1003  (Reference 
2).  For  sensor  windows  with  transmission  bands  in  the  mid-wave  (MWIR)  and 
long-wave  infrared  (LWIR),  spectral  transmission  measurements  provide  a  simple 
and  sensitive  approach  for  assessing  particle  impact  damage.  Also,  on  sensor 
windows  particle  impacts  remove  or  damage  anti-reflection  and/or  other  special 
coatings  which  may  be  required  to  achieve  system  performance  goals. 

Damage  Modes 

Erosion  tests  have  been  conducted  on  samples  of  primary  windscreen  and 
canopy  materials,  coatings  designed  for  erosion  protection  and  a  variety  of  sensor 
window  materials.  Specific  transparency  materials  that  have  been  tested  are 
summarized  in  Table  1.  The  most  extensive  database  has  been  developed  for 
glasses  and  acrylics  which  include  variations  in  velocity,  impact  angle,  particle  size 
and  dust  loading.  The  primary  optical  performance  measurements  obtained  for 
the  exposed  transparency  specimens  are  luminous  transmittance  and  haze.  Haze 
is  quite  sensitive  to  surface  damage  and  provides  a  convenient  and  objective 
measure  of  optical  degradation. 
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Photomicrographs  of  typical  surface  craters  produced  by  impacts  on  chem- 
tempered  glass,  aircraft  grade  polycarbonate  and  cast  acrylic  are  shown  in  Figure  5. 
For  brittle  materials  such  as  glasses  and  IR  transmitters,  the  damage  mode  is 
localized  fracturing  at  the  particle  impact  site.  Lateral  cracks  are  formed  below  the 
surface  which  may  extend  well  beyond  the  point  of  impact.  Although  damaged 
material  may  remain  in  place,  the  fracture  pattern  acts  as  a  light  scattering  surface. 
The  occurrence  and  fracture  pattern  is  dependent  on  impact  parameters.  The  effect 
of  impact  angle  on  haze  level  for  gla.ss  and  acrylic  specimens  is  presented  in  Figure 
6  for  a  specific  particle  environment  and  impact  velocity.  For  brittle  material  such 
as  glass,  the  maximum  haze  level  occurs  at  the  normal  impact  angle.  Plastic 
materials  are  more  ductile.  Particles  impacting  normal  to  the  surface  deform  the 
surface  and  imbed  while  particles  impacting  at  shallow  angles  tend  to  "plow" 
material  from  the  surface  forming  elongated  craters  as  shown  in  the 
photomicrographs.  Thus,  with  plastics  maximum  surface  damage  occurs  at 
shallow  angles  of  the  order  of  30“  from  the  surface.  Since  particle  impacts  on 
installed  cockpit  transparencies  generally  occur  at  angles  less  than  30“,  plastic 
canopies  are  generally  more  susceptible  to  hazing  than  comparable  glass 
transparencies. 

The  relative  performance  of  the  primary  cockpit  transparency  materials  at 
shallow  impact  angles  typical  of  aerodynamically  deflected  particle  impact 
conditions  on  windscreens  and  canopies  is  presented  in  Figure  7.  Performance  is 
presented  in  terms  of  measured  haze  as  a  function  of  the  particle  loading. 
Maximum  acceptable  haze  values  for  production  cockpit  transparencies  are 
-generally  less  than  4%.  Significant  visual  degradation  may  occur  at  haze Tevels 
greater  than  approximately  15%  depending  on  ambient  lighting  conditions.  For 
shallow  impact  angles,  material  rankings  in  order  of  increasing  haze  (i.e.  surface 
damage)  arc  polycarbonate,  acrylic,  glass  and  a  good  elastomeric  protective  coating 
(over  a  primary  substrate).  For  the  conditions  listed  in  Figure  7,  polycarbonate 
reaches  haze  values  of  15%  at  dust  loads  of  the  order  of  0.005  g/cm^  while  a  chem- 
strengthened  glass  can  withstand  a  dust  load  of  0.024  g/cm^  before  incurring  the 
same  degree  of  haze.  The  erosion  resistance  of  the  primary  cockpit  transparencies 
can  be  further  enhanced  through  the  use  of  a  tough  elastomeric  coating  such  as  a 
high  tear-strength  polyurethane  on  the  external  surface  of  the  transparency.  The 
better  elastomeric  coatings  offer  significant  protection  from  both  hazing  (as  shown 
in  Figure  7)  and  damage  to  substrate  surface  coatings. 

Damage  characteristics  of  sensor  windows  are  similar  to  those  of  glass 
windscreens.  The  particle  impact,  if  sufficiently  energetic,  causes  localized  pitting 
which  contributes  to  surface  scattering  of  the  infrar^  radiation  and  reduces  the 
quality  of  the  signal  reaching  the  sensor.  Thus,  the  optical  performance  of 
infrared-transmitting  windows  and  domes  may  be  significantly  reduced.  Even 
without  pitting  the  substrate  material,  damage  to  anti-reflection  and  abrasion- 
resistant  surface  coatings  can  result  in  significant  degradation  in  optical 
performance.  Since  the  optical  performance  of  infrared  (IR)  sensor  windows  is 


based  on  IR  spectral  transmittance  measurement ,  it  is  difficult  to  compare  sensor 
window  optical  performance  with  that  of  windscreen  and  canopy.  Based  on 
general  surface  damage  characteristics,  the  baseline  LWIR  transmitting  materials 
such  as  zinc  sulfide,  zinc  selenide  and  germanium  appear  to  be  more  vulnerable  to 
surface  damage  than  the  cockpit  transparencies.  Based  on  limited  data,  MWIR 
transmittance  materials  such  as  magnesium  fluoride  and  spinel,  on  the  other 
hand,  appear  to  be  significantly  more  resistant  to  particle  impact  damage  than  the 
LWIR  materials.  The  vulnerability  of  sensor  window  is  also  enhances,  compared 
to  windscreens  and  canopies,  by. the  fact  that  they  are  usually  mounted  nearly 
normal  to  the  particle  flow.  This  is  important  since  impact  angle  effects  for  brittle 
materials  result  in  maximum  damage  near  the  normal  impact  angle. 

Testgarameter  Effects 

The  effects  of  key  impact  parameters  on  haze  level  have  been  evaluated 
parametrically  for  unstrengthened  soda  lime  glass  and  should  be  representative  of 
other  brittle  materials.  The  most  sensitive  parameter  is  particle  velocity.  Effects  of 
particle  velocity  on  haze  are  shown  in  Figures  8  and  9  for  specific  dust  loads  and 
impact  angles,  respectively.  Haze  varies  approximately  as  the  square  of  the 
velocity  for  these  conditions.  Impact  angle  is  also  a  sensitive  parameter  for  brittle 
materials  at  shallow  impact  conditions.  As  shown  in  Figure  10,  haze  increases 
with  impact  angle  for  glass  until  a  maximum  is  reached  at  normal  impact 
conditions.  Particle  mass  loading,  which  is  essentially  a  measure  of  the  number  of 
particles  impacting  the  surface,  is  a  less  sensitive  parameter  than  velocity  or  angle. 
Haze  varies  Imearly  with  dust  load  (as  seen  in  Figure  7)  until  the  surface  becomes 
obscured  to  the  point  that  particles  begin  to  impact  previously  damaged  areas. 
However,  this  non-linearly  effect  usually  only  occurs  at  very  high  haze  levels. 

For  IR  transmitting  materials,  the  loss  in  average  spectral  transmittance 
over  a  specific  IR  band  is  used  as  a  sensitive  and  convenient  measure  of  window 
degradation.  As  an  example.  Figure  11  presents,  for  a  typical  LWIR  window 
material,  measured  trartsmittance  loss  as  a  function  of  particle  loading  for  several 
impact  velocities.  A  semi-log  format  is  used  in  Figure  11  in  order  to  display  the 
three  order-of-magnitude  span  in  particle  loading.  As  the  figure  indicates,  for  a 
2{X}  m/s  impact  velocity,  significant  optical  damage  occurs  at  particle  loadings  less 
than  0.01  gm/cm^.  These  damage  levels  in  terms  of  threshold  particle  loading  (the 
particle  loading  where  measurable  damage  occurs)  are  similar  to  those  of  acrylic 
and  polycarbonate  shown  in  Figure  7.  In  both  cases,  only  very  low  particle 
loadings  are  needed  to  product  significant  optical  degradation.  The  strong 
influence  of  particle  velocity  on  the  threshold  particle  loading  level  is  also 
apparent  for  the  IR  window  material.  For  a  specific  level  of  optical  degradation, 
the  associated  particle  loading  varies  as  approximately  the  square  of  impact 
velocity. 


EXAMPLE  OF  INFLIGHT  DAMAGE 


A  number  of  aircraft  encounters  with  volcanic  ash  clouds  over  the  past 
several  years  have  demonstrated  the  vulnerability  of  critical  aircraft  components 
and  systems  to  severe  particle  environments.  As  related  to  transparencies,  an 
examination  of  windscreen  damage  from  volcanic  ash  clouds  not  only 
characterizes  the  damage  level  but  also  can  pnwido  insights  into  the  particle  and 
flow  characteristics  over  that  particular  region  of  the  aircraft. 

One  of  the  more  serious  incidents  involved  a  Model  747-400  commercial 
airliner  making  a  descent  into  Anchorage  Alaska  at  20:25  on  15  December  1989,  the 
day  after  an  eruption  of  near-by  Mount  Redoubt.  The  flight  crew  and  air  traffic 
controllers  were  unaware  of  the  ash  cloud  hazard.  The  aircraft  entered  the  ash 
cloud  at  25,000  feet  and  experienced  flameouts  of  all  four  engines.  The  flight  crew 
was  able  to  restart  two  of  the  engines  at  17,000  feet,  after  several  attempts.  The 
remaining  engines  were  finally  restarted  after  several  more  attempts  at  13,000  feet 
and  the  aircraft  was  able  to  make  a  manual  approach  and  landing  at  Anchorage. 

Damage  to  the  aircraft  was  extensive  including  such  items  as  engines, 
contamination  to  various  systems,  erosion  of  protruding  components /parts,  pitot- 
static  system  failure  and  hazing  of  forward  transparencies.  A  more  detailed 
description  of  the  incident  and  damage  to  the  aircraft  can  be  found  in  References  3 
and  4.  The  forward  facing  transparencies  suffered  significant  damage  due  to  ash 
particle  impacts  during  Mt.  Redoubt  encounter.  A  detailed  examination  of  the  co¬ 
pilot's  front  windscreen  has  provided  important  information  that  may  be  useful 
in  characterizing  both  the  ambient  ash  cloud  and  the  aerodynamic  flow  of  the  ash 
over  the  forward  aircraft  surfaces.  The  front  windscreen  was  a  glass-polycarbonate 
laminate  having  a  thermally  tempered  outer  glass  ply  which  was  exposed  to  the 
ash  flow.  Examination  of  the  windscreen  involved  two  different  approaches:  (a) 
microscopic  examination  of  the  windscreen  outer  surface  and  (b)  a  variety 
measurements  to  characterize  erosion  effects  on  windscreen  optics. 

Windscreen  measurements  consisted  of  gridboard  photographs  of  the 
complete  part,  luminous  haze,  contrast  and  inferred  particle  flow  direction  taken 
at  a  variety  of  gridded  points  across  the  windscreen  surface.  Results  showed  that 
the  damage  pattern  varied  significantly  over  the  windscreen  surface.  This  is 
illustrated  in  Figure  12,  a  photograph  of  the  windscreen  in  front  of  an  optical  grid 
board.  An  area  adjacent  to  the  centerline  of  the  aircraft  and  covering 
approximately  one-third  of  the  windscreen  was  totally  obscured.  Except  for  a  small 
area  along  the  the  lower  edge  shadowed  by  the  deicing  nozzle,  none  of  the  original 
glass  surface  remained  undamaged  in  this  area  and  visual  resolution  was  not 
possible  regardless  of  the  target.  Damage  decreases  from  the  centerline  to  the 
outboard  edge.  As  seen  in  the  photograph,  a  region  adjacent  to  the  outer  edge 
remained  essentially  undamaged. 


In  order  to  characterize  erosion  damage  over  the  surface  of  the 
windscreen,  optical  measurements  were  made  a  fixed  grid  locations.  Figure  13 
shows  a  photograph  of  the  co-pilots  windscreen  at  the  installed  attitude.  Haze, 
contrast  and  surface  damage  measurements  were  made  at  each  of  the  circular  grid 
points  shown  in  the  photograph.  A  contour  plot  of  the  haze  distribution  based  on 
these  measurements  is  presented  in  Figure  14  and  shows  the  smooth  decrease  in 
haze  from  the  centerline  to  the  outboard  edge. 

Surface  damage  was  characte.ized  by  two  types  of  craters:  (1)  thin 
elongated  craters  resembling  scratches  and  (2)  standard  brittle  fracture  patterns. 
Figure  15  presents  pi  .>tomicrographs  of  the  surface  in  both  the  highly  damaged 
area  near  the  aircraft  centerline  and  at  a  location  near  the  outer  edge  of  the 
windscreen.  These  two  types  of  surface  damage  can  be  clearly  seen  in  the 
"outboard"  photomicrograph.  The  surface  "scratches"  appeared  to  be  caused  by 
particles  closely  following  the  airflow  and  impacting  at  very  shallow  angles.  They 
were  not  due  to  cleaning  or  other  forms  of  surface  abrasion. 

The  local  direction  of  these  "scratches"  was  measured  and  is  shown  as 
lines  drawn  through  each  grid  point  in  the  photograph  in  Figure  13.  A  contour 
plot  of  these  inferr^  flow  angles  is  shown  in  Figure  16.  Although  the  flow  angle 
contours  are  not  as  smooth  as  the  haze  data,  they  do  indicate  the  increasing  angle 
(as  measured  from  the  centerline)  with  distance  from  the  centerline  edge  of  the 
windscreen.  The  brittle  craters  appear  to  be  the  result  of  larger  particles  impacting 
at  steeper  angles.  The  overall  pattern  of  damage  appears  to  be  consistent  with 
particie/flowfield  interaction  effects.  Severe  damage  occurred  along  the  centerline 
(more  normal  impact  angles)  and  decreased  as  the  windscreen  curved  toward  the 
outboard  edge  of  the  aircraft  (shallower  impact  angles). 

Data  obtained  from  an  examination  of  inflight  transparency  damage 
such  as  the  474  windscreen  may  prove  useful  in  developing  a  better  understanding 
of  both  the  particle  flow  characteristics  over  the  forward  portion  of  the  aircraft  as 
well  as  the  ash  cloud  particle  size/concentration  ranges.  Comparisons  of  the 
inferred  surface  flow  data  obtained  from  the  examination  of  the  747  windscreen 
with  computational  fluid  dynamic  calculations  may  useful  in  validating 
computational  methods  for  predicting  particle  flow  and  impact  conditions. 

In  order  to  infer  integrated  ash  particle  loadings  or  particle  size  ranges, 
laboratory  ii;duced  damage  on  samples  of  the  outer  ply  material  with  ash  particles 
would  be  required.  Preliminary  tests  on  tempered  glass  specimens  at  very  shallow 
impart  angles  using  volcanic  ash  particles  indicate  that  the  damage  modes  seen  on 
the  747  windscreen  can  be  duplicated  in  the  laboratory.  Although  not  a  simple 
task,  the  correlation  of  laboratory  and  windscreen  damage  in  terms  of  crater  size 
and  density  may  provide  insight  into  ash  cloud  characteristics. 


327 


SUMMARY 


Airborne  sand  and  dust  environments  represent  a  serious  hazard  to  both 
commercial  and  military  aircraft.  Encounters  with  dense  particle  environments 
such  as  volcanic  ash  clouds  can  lead  to  serious  aircraft  damage  and  possible  loss,  if 
prompt  action  is  not  taken  by  the  air  crew.  Dense  particle  environments  may  also 
be  encountered  by  military  aircraft  during  low  altitude  penetration  missions  or 
tactical  battlefield  support.  Examination  of  a  front  windscreen  from  a  commercial 
747-400  airliner  which  encountered  a  volcanic  ash  cloud  from  h't.  Redoubt  in 
Alaska  illustrates  the  severe  damage  produced  by  dense  particle  environments. 

Natural  desert  or  sand  environments  suck  as  those  experienced  in  the 
middle  east  during  Desert  Shield /Storm  are  usually  less  severe  than  the  volcanic 
ash  clouds  and  are  primarily  a  threat  to  aircraft  transparencies.  Windscreens, 
canopies  and  sensor  windows  are  particularly  vulnerable  to  particle  impacts  which 
may  affect  mission  performance  and  crew  safety.  However,  the  primary  effect  of 
these  low  density  environments  is  to  significantly  reduce  transparency  service  life 
which  increases  aircraft  down  time  and  maintenance  costs. 


The  overall  particle  impact  phenomenology  is  complex  and  involves 
several  issues  such  as  environments,  aircraft  flowfield  interactions  materials 
response  and  damage  assessment.  Since  protecting  or  hardenin^:j  exposed 
materials  is  the  most  direct  approach  to  reducing  damage  and  improving  service 
life,  the  evaluation  of  material  response  to  particle  impact  environm<nts  is  a 
critical  area.  Solid  particle  impact  phenomenology  is  significantly  diffr^ient  than 
that  of  waterdrops  and  the  extensive  rain  erosion  database  that  has  been  developed 
for  aircraft  materials  and  components  cannot  be  readily  use  to  predict  materials 
performance  in  solid  particle  environments.  A  solid  particle  effects  database 
similar  to  that  for  rain  erosion  is  needed  to  better  characterize  and  improve  the 
hardness  of  aircraft  transparencies.  To  meet  this  need,  a  laboratory  scale  facility 
has  been  established  for  evaluating  particle  impact  effects  on  critical  aircraft 
surfaces  and  components.  This  facility  is  located  at  PDA  Engineering  laboratories 
in  Santa  Ana,  California  and  has  been  in  operation  under  DNA  sponsorship  since 
1986. 


The  primary  damage  mode  associated  with  particle  impacts  on 
transparencies  is  optical  degradation  due  to  light  scattering  from  surface  pits  and 
craters.  This  can  occur  at  very  low  particle  loadings  well  before  any  significant 
surface  mass  loss  occurs.  Surface  damage  is  a  strong  function  of  impact  velocity 
and  angle.  Impact  angle  effects  may  also  be  material  dependent  as  is  seen  with 
brittle  and  ductile  materials.  For  shallow  impact  angles  associated  with  forward 
windscreen  and  canopy  surfaces,  plastic  materials  experience  significantly  higher 
damage  levels  than  glass  surfaces.  At  near  normal  impact  angles  associated  with 
sensor  windows,  for  example,  the  opposite  is  true  with  glass  or  brittle  IR 
transmitting  materials  experiencing  the  greater  degradation. 
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Test  results  indicated  that  the  use  of  an  elastomeric  liner  (such  as  high 
tear-strength  polyurethane)  as  a  protective  external  coating  can  significantly  reduce 
surface  damage  and  hazing.  This  approach  may  be  of  particular  value  for  plastic 
windshields  and  forward  canopy  areas  on  tactical  aircraft  which  must  operate  ir 
desert  environments.  For  sensor  windows,  mitigation  efforts  have  been  directed 
primarily  towards  the  use  of  hard  external  coatings  to  protect  fragile  AR  coatings 
and  window  substrates.  Specifically,  some  hard  carbon  or  diamond-like  coatings 
have  shown  improved  impact  damage  resistance  under  certain  conditions. 

In  addition  to  improving  material  hardness,  methods  to  enhance  the 
deflection  of  particles  by  the  aircraft  flowfield  have  received  some  limited 
attention.  Flow  deflectors  or  similar  devices  would  deflect  the  surface  air  flow 
(and  particles)  from  critical  areas  such  as  windscreen  areas  used  for  target 
acquisition,  refueling,  landing  and  etc.  The  primarily  difficulties  associated  with 
this  approach  are  the  requirements  for  sophisticated  two-phase  computational 
fluid  dynamic  (CFD)  analyses  and  the  potential  for  disrupting  the  aircraft 
aerodynamics  and  affecting  overall  aircraft  performance. 
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Table  1.  List  Transparency  Materials  Evaluated  in  Dust  Environments 


APPLICATION 

TYPE 

MATERIAL 

VARIATIONS 

WINDSCREENS 

& 

CANOPIES 

GLASS 

Soda  Lime 

Strengthened 

Unstrengtiiened 

PLASTIC 

Acrylic 

Polycarbonate 

Stretclwd 

Cast 

A/C  Grade 
Commercial 

SENSOR 

WINDOWS 

MWIR 

Magnesium  Fluoride 
ALON 

Spinel 

Calcium  Aluminate 

Various  Coatings 

M 

N 

n 

LWIR 

2!linc  Sulfide 

ZiocSelenide 

Germanium 

SUicofl 

Diamond 

Various  Coatings 

«• 

n 
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Figure  4.  Test  Fixture  for  Multi-Sample  Arrays 
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Figure  5.  Photomicrographs  of  Particle  Impact  Damage 
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Figure  6.  Effect  of  Impact  Angle  on  Transparency  Haze  Level 
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Figure  7.  Dust  Erosion  Effects  on  Transparency  Materials  at  ^Ilow  Impact 
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Figure  8.  Haze  vs  Particle  Velocity  for  Specific  Dust  Loads 
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Figure  9.  I  laze  vs  Particle  VekKity  for  Specific  Impact  Angles 
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Figure  11.  Particle  Impact  Effects  on  Typical  IR  Window  Material 


Figure  14.  747-400  Windscreen  Haze  Distribution 
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Figure  16.  747-400  Windscreen  Flow  Angle  Distribution 


HYPERVELOCITY  IMPACT  DAMAGE  TOLERANCE  OF  FUSED  SILICA  GLASS 
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Hypervelocity  Iropact  Damage  Tolerance* 
of  Fused  Silica  Glass 

K.  S.  Edel stein** 
HASA/Johnson  Space  Center 
Houston,  Texas 
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A  test  program  was  conducted  at  the  NASA/Johnson  Space 
Center  (JSC)  concerning  hypervelocity  impact  damage  in  fused 
silica  glass.  The  objectives  of  this  test  program  were:  to 
expand  the  penetration  equation  data  base  in  the  velocity  range 
between  2  and  8  km/s;  to  determine  how  much  strength  remains  in  a 
glass  pane  that  has  sustained  known  impact  damage;  and  to  develop 
a  relationship  between  crater  measurements  and  residual  strength 
predictions  that  can  be  utilized  in  the  Space  Shuttle  and  Space 
Station  programs.  The  results  and  conclusions  of  the  residual 
strength  testing  are  discussed  below.  Detailed  discussion  of  the 
penetration  equation  studies  will  follow  in  future  presentations. 


Crater  depth,  penetration  depth 
Projectile  diameter 

_ Vp  Projectile  Velocity 

p  Projectile  Density 

D^  Front  spall  diameter 

X,g  Critical  Stress  Intensity 
K,  Stress  concentration  factor 
a  Flaw  size  (depth) 

a*  Flaw  size  computed  from  model 

S  Residual  strength 

S*  Residual  strength  predicted  by  model 
HVI  Hypervelocity  impact 

BigXgrguna 

In  the  decade  since  the  Shuttle's  first  flight,  four  vehi¬ 
cles  have  together  flown  more  than  forty  times.  The  Shuttle 
vehicle  successfully  performs  its  various  missions  because  of  its 
versatile  design.  The  Shuttle  windows,  specifically  the  outer¬ 
most  pane,  must  accommodate  aeronautic  loads  (3-5  psi  burst) ,  re¬ 
entry  heating  (1200*F),  and  orbital  operations  (-135*F  <  T  < 

350 *F;  debris  and  micrometeoroid  environment).  The  window  system 


*Capyr1Wtt  *  199t  by  the  Inttmatlenat  Mtranautlcti  rtdtmion.  Ml  rights  rsMrvwl. 
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Bust  safely  retain  cabin  pressure  and  provide  operational  and 
recreational  viewing  during  all  parts  of  a  Shuttle  mission. 

There  are  eleven  windows  in  the  Orblter  Crew  Module/ Forward 
Fuselage  area.  Nine  of  these  are  sets  of  three  glass  panes, 
Boxanted  in  stiff  frames  in  the  vehicle  structure  (the  other  two, 
between  the  crew  module  and  the  payload  bay,  have  only  two  panes 
of  glass).  In  the  sets  containing  three  panes,  the  outer  window, 
or  Thermal  Pane,  is  a  structural  element  of  the  forward  fuselage 
and  is  made  of  fused  silica  (Coming  7940) .  After  every  flight, 
the  Thermal  Panes  are  inspected  in  detail  to  detect  any  surface 
damage  which  might  cause  the  pane's  failure  during  vhe  next 
ascent.  These  inspections  detect  one  or  more  damage  pits  on 
almost  every  flight.  The  dimensions  of  the  pit  are  measured 
using  a  mold  impression  technique  and  a  profilometer;  these  mea<* 
surements  are  then  evaluated  by  stress  analysts  who  determine  if 
the  window  pane's  residual  strength  and  remaining  life  are 
adequate  for  continued  operation.  About  half  of  the  damages 
result  in  window  removal. 

The  procedures  and  specifications  used  in  inspecting  the 
Orblter  windows  are  derived  from  the  original  window  specifica¬ 
tion  provided  to  Coming  Glass  Works.  In  this  specification,  the 
maximum  depth  of  a  surface  flaw  allowed  in  the  fused  silica  (as 
delivered)  is  .0006".  The  maximum  flaw  size  in  each  pane  is 
verified  vitix  a  flaw  screening  test,  also  called  a  proof  test,  at 
the -Vendor.-  This  .0006"  flaw  size  was  chosen  after  considering 
the  desired  window  strength,  its  life,  handling  damage  potential, 
and  the  inspection  methods  practical  for  this  vehicle. 

In  designing  the  window  and  determining  an  appropriate 
initial  strength,  certain  assumptions  are  made  regarding  the  flaw 
size  and  shape.  As  is  done  Industry  wide  in  glass  manufacturing, 
a  factor  of  3  is  used  on  the  size  of  the  last  grind  particle  to 
determine  the  depth  of  surface  flaws  after  the  final  grind.'  The 
same  conservatisms  are  used  in  analyzing  the  surface  damages 
found  during  inspections.  The  flaw  depth  measured  after  a  flight 
is  multiplied  by  3,  and  the  life  analysis  is  performed  using  this 
value.  Other  conservatisms  built  into  this  analysis  are  3-sigma 
flaw  growth  proporties  and  conservative  wind  gust  loads  in  the 
load-time  profile.  The  result  of  this  flight  experience  and 
analysis  method  is  the  replacement  rate  shown  in  Figure  1. 

It  is  always  in  the  interest  of  the  Shuttle  program  to 
minimize  costs  when  changes  can  be  made  safely.  The  multiple 
conservatisms  inherent  in  the  window  system  maintenance  compel 
investigation  into  more  reasonable  maintenance  techniques  and 
replacement  criteria.  The  Space  Station  Freedom  program,  NASA's 
biggest  development  effort  of  the  decade,  can  also  benefit  from 
increased  understanding  of  fused  silica's  response  to  hypervelo- 
oity  impact;  fused  silica  is  the  material  being  used  in  all 
Freedom  windows. 
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The  test  was  performed  to  resolve  the  replacement  criteria 
issues  primarily,  and  also  to  provide  a  larger  penetration 
equation  data  base.  Details  of  the  test  procedures  and  results 
follow. 

Orb  iter  Window  Replacement  Rate 


O  Mtwe*  ret#  e  I^e«««te4  fe«e  »  •«•  rate  •  ftn 


.  Using  six  fused  silica  panes  scrapped  from  the  Shuttle^  --  - . - 

program  (damaged  thermal  panes) ,  target  disks  were  prepared  at 
JSC.  One  disk  from  each  scrapped  thermal  pane  was  cut  around  the 
pre-existing  damage  which  had  caused  the  pane's  removal.  The 
selection  of  the  scrapped  panes  included  some  consideration  of 
the  damage  location  and  relative  size.  In  general,  the  panes 
with  the  largest  damages  were  selected.  One  window  with  a  pit 
considered  a  micrometeoroid  damage  was  specifically  selected  to 
investigate  the  hypothesis  of  the  source.  The  flight-damaged 
disks  were  delivered  to  a  Scanning  Electron  Microscope  (SEM) 
laboratory  far  analysis. 


The  remaining  fused  silica  was  cut  into  about  twenty  disks 
per  window  and,  less  two  for  strength  testing  control  purposes, 
these  disks  were  impacted  at  JSC's  Hypervelocity  Impact  Research 
Lab  (HIRL)  with  a  variety  of  projectiles.  The  first  set  of 
targets  were  subjected  to  Impacts  with  aluminum  spheres,  varying 
in  diameter  from  .4  mm  to  1.25  mm,  and  in  velocity  from  3  km/s  to 
8  km/s.  Further  testing  included  spherical  garnet  and  glass  pro¬ 
jectiles  used  to  vary  projectile  density,  oblique  incidence 
angles,  and  thicker  target  disks.  Impact  velocity  was  consis¬ 
tently  within  the  range  of  3  -  8  km/s;  a  majority  of  shots  were 
done  at  approximately  6  km/s. 


Once  the  disks  were  damaged,  the  craters  were  measured  at  a 
JSC  materials  lab,  using  the  same  technique  that  Kennedy  Space 
Center  technicians  use  on  the  Shuttle  windows.  This  involves 


talcing  a  mold  impression  of  the  crater,  and  then  measuring  the 
mold  dimensions  under  an  optical  microscope.  The  crater  diameter 
was  also  measured  directly  on  the  target  disk  using  a  digital 
micrometer  and  magnification.  This  process  had  to  be  used 
because  often  the  surface  spall  was  not  ejected,  and  the  crater 
diameter  was  not  dlscernable  from  a  mold. 

Following  the  pit  measurement,  the  damaged  disks  were 
fractured  in  JSC's  Structural  Test  Laboratory.  After  the  first 
set  of  disks  were  broken,  additional  disk  preparation  procedures 
were  added  to  the  test  program.  These  new  procedures  were 
devised  to  provide  a  fracture  surface  with  a  minimum  of  sub- 
critical  Crack  growth.  The  process  involved  drying  the  remaining 
disks  in  a  250 ‘F  oven,  then  bagging  them  in  a  vacuum  to  prevent 
any  moisture  contact  with  the  crack  surfaces  during  the  strength 
testing. 

Further  changes  were  made  as  the  test  program  progressed. 
After  an  Initial  set  of  shots  and  disk  fractures  (27  total) ,  the 
experiment  procedures  were  reviewed.  A  new  test  matrix  was  de¬ 
signed  using  fractional  factorial  techniques  to  compare  the 
effect  of  different  parameters  on  the  penetration  depth,  aspect 
ratio,  and  residual  strength.  The  parameters  studied  were 
projectile  velocity,  diameter,  and  density,  target  thickness  and 
obliquity  of  Impact.  After  these  sixteen  tests  were  completed, 
eighteen  more  tests  were  performed  to  specifically  focus  on  the 
parameters  which  influenced  the  penetration  depth,  the  crater 
aspect  ratio  and  the  strength  the  most . 

The  strength  data,  pit  dimensions  and  fracture  analysis  com¬ 
prise  the  results  of  this  test  program.  This  will  be  described 
in  the  following  sections  of  the  article.  The  discussion  will 
focus  on  the  residual  strength  element  of  the  test  program,  and 
will  include  penetration  depth  and  crater  aspect  ratio  results  as 
they  pertain  to  the  strength  issue. 

aiti 
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The  depth  of  the  damages  were  measured  using  a  mold  yim- 
presslon.  The  molds  were  formed  and  then  measured  under  an 
optical  microscope.  The  "highest"  peak  of  the  mold  was  taken  as 
the  maxlmtim  depth  of  the  crater  (P^) .  Figure  2  shows  an  example 
of  depth  vs.  velocity  for  the  A1  2017,  .397  mm  projectile. 
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of  front  spall  diameter  (D,)  to  projectile  diameter  (Dp) ,  When 
plotted,  as  in  Figure  4,  against  the  energy  of  impact,  a  hyperbo** 
le  can  be  drawn  through  the  data. 


Diameter  Ratio's  vs.  Impact  Soergy 


Figure  4 

Another  ratio  that  was  examined  was  the  crater  diameter  (D,) 
to  the  crater  depth  (P^)  measured  by  mold  impression.  Much 
Information  was  obtained  from  plotting  this  ratio  verisus  differ¬ 
ent  impact  parameters.  In  one  set  of  experiments,  the  projectile 
density  and  velocity  were  hr Id  constant  while  the  projectile 
diameter  was  varied.  Figure  5  shows  the  results. 


Crater  Aspect  Ratio  vs.  ProJ  .  Diameter 


Figure  S 


The  residual  strength  of  the  damaged  disks  and  the  control 
disks  was  measured  using  a  concentric  ring  bending  fixture  in  an 
Instron  (see  Figure  6) .  The  concentric  ring  test  configuration 
allowed  any  cracks  beneath  the  damage  pits  to  be  randomly  orient* 
ed,  since  the  biaxial  tension  stress  created  by  the  load  is  a 
constant  inside  the  diameter  of  the  inner  ring.  Therefore,  the 
strength-controlling  flaw  in  each  glass  disk  could  grow  to  a 
crack  in  any  direction. 
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Figure  6 


To  verify  the  original  condition  of  the  window  surface,  the 
strength  of  undamaged  disks  was  also  tested.  The  nine  undamaged 
disks  tested  had  an  average  strength  of  10.5  ksi,  with  a  standard 
deviation  of  1.5  ksi.  The  strength  of  these  windows  at  the 
beginning  of  their  life  is  a  mininum  of  8.6  ksi,  as  established 
by  a  flaw  screening  test  at  the  vendor. 

To  establish  a  comparison  between  orbital  experience  and  the 
test,  the  flight-damaged  disks  were  fractured  in  this  fixture. 
Figure  7  shows  the  residual  strength  of  each  flight  damaged  disk 
and  the  depth  of  the  damages.  (One  flight  damaged  disk  was 
broken  accidentally) . 
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Figure  7 

The  complete  data  set  from  this  test  program  can  be  found  in 
Appendix  A. 


Analysis 


Strength .  Ercdlctign 

The  motivation  for  this  study  can  be  clearly  illustrated  by 
comparing  the  strength  predicted  by  the  Shuttle  program's  current 
techniques  with  the  actual  strength  demonstrated  in  the  lab. 

Early  in  this  effort,  when  the  first  few  HVI  disks  were  frac¬ 
tured,  the  disks  were  2  to  2.5  times  stronger  than  the  strength 
predicted  by  the  Shuttle  program  technique. 

For  this  comparison,  the  predicted  strength  was  calculated 
using  two  different  equations.  The  first  and  simplest,  was  a 
straightforward  fracture  equation,'  with  the  factor  of  3  on  the 
crater  depth.  The  other  technique  included  subcritical  crack 
gro%rth  in  the  computation  of  residual  strength.  This  was  done 
using  a  computer  program  that  computes  the  amount  of  subcritical 
crack  growth  in  a  static  fatigue  condition  by  iterating  the  time 
under  load  and  the  crack  velocity  until  a  critical  crack  size  is 
reached.  The  factor  of  3  on  the  crater  depth  was  also  used  in 
this  technique  to  determine  flaw  depth.  This  most  closely 
approximates  the  strength  that  would  be  calculated  by  the 
Shuttle's  prime  contractor  for  a  flight-damaged  window. 


Hvparvalocitv  Impact 

The  physics  behind  creation  of  the  crater  during  hypervel¬ 
ocity  Impact  are  well  understood  for  both  ductile  and  brittle 
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aaterials.  In  a  brittle  material  like  glass,  the  dynamic  load  of 
any  impact  generates  compressive,  shear  and  Rayleigh  surface 
waves.  The  tensile  components  of  the  surface  wave  extend  pre** 
existing  surface  defects,  initiating  fracture  at  all  of  the 
defects  above  a  critical  size. 

A  hypervelocity  impact,  which  is  limited  on  the  low  end  by 
the  speed  of  sound  in  the  target  material,  produces  shock  waves 
in  both  the  projectile  and  the  target.  The  peak  stresses  at  the 
tips  of  the  shock  waves  significantly  exceed  the  material's 
strength,  causing  gross  deformation,  with  the  material  behaving 
like  a  compressible  fluid.’  When  the  shock  front  meets  a  free 
surface  before  its  energy  is  sufficiently  depleted,  surface 
spallation  will  occur.  The  shock  waves  are  reflected  as  tensile 
waves,  in  order  to  meet  the  boundary  condition  of  zero  pressure 
at  a  free  surface.  Because  of  glass's  brittle  nature,  these  ten* 
alls  stresses  dominate  the  material  strength  over  a  relatively 
long  period  of  time,  resulting  in  more  extensive  damage  compared 
to  a  ductile  target  subjected  to  the  same  impact.^ 

Crack  extension  in  hypervelocity  impact  must  taka  place. 
Evidence  from  an  earlier  study  indicates  that  this  crack  exten¬ 
sion  might  be  negated  by  the  loss  of  the  cracked  material  in  a 
spall  product.^  It  can  be  assumed  that  some  cracks  exist  in  the 
material  beyond  the  crater.  What  is  not  well  understood  is  what 
kind  of  cracks  these  are  and  how  they  will  effect  the  strength  of 
the  glass. 


Previous  studies  of  the  residual  strength  of  glass  after 
impact  have  focused  on  "low"  velocity  damages.  In  one  effort’  a 
critical  impact  velocity  was  found  above  which  the  residual 
strength  dropped  significantly.  This  testing  was  performed  at 
velocities  between  0  and  .7  km/s,  so  does  not  relate  to  hyper¬ 
velocity  Impact  (V  >  5  km/s) .  However,  another  result  of  this 
effort  found  that  at  "high"  (V  «  .7  km/s)  velocity,  the  average 
fracture  stress  was  a  weak  function  of  impact  velocity.  This 
result  was  corroborated  in  the  present  study  of  hypervelocity 
impact . 

As  described  in  the  test  procedures  section,  certain  seg¬ 
ments  of  the  test  program  were  designed  to  focus  on  specific 
issues:  what  are  the  strongest  factors,  among  the  Impact  parame¬ 
ters,  in  determining  residual  strength:  and  once  those  were 
found,  what  was  the  quantitative  effect  of  a  variation  in  those 
influential  parameters. 

In  the  first  such  test  segment,  the  projectile  diameter  was 
found  to  have  the  strongest  influence  on  residual  strength.  The 
next  strongest  effect  was  projectile  mass.  With  this  informa¬ 
tion,  two  more  test  segments  were  designed,  where  diameter  and 
density  were  varied  at  three  different  levels.  Regression 
analysis  was  performed  on  this  data. 
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Finally,  the  entire  database  was  used  to  define  a  useful 
relationship  between  residual  strength  and  any  crater  parameters. 
Since  crater  depth  and  crater  diameter  are  easily  measured  crater 
characteristics,  while  impact  parameters  such  as  projectile 
velocity,  diameter  and  density  must  be  derived  from  crater 
measurements,  the  relationship  sought  was  one  which  would  derive 
directly  from  crater  measurements. 

The  technique  used  in  the  Shuttle  program,  as  described  in 
the  Background  section  above,  assumes  that  the  crater  depth 
itself  is  the  "measurable  surface  flaw."  This  value  is  multi** 
plied  by  a  factor  of  three,  as  is  done  with  glass  manufacturing 
flaws,  and  the  resulting  "flaw  depth”  is  used  in  a  static  fatigue 
analysis  to  predict  remaining  life  and  residual  strength.  The 
fracture  relationship  used  in  this  calculation  is  given  in 
equation  (1): 


where  a  ••  3P^.^ 

Clearly,  the  impact  pit  itself  is  not  the  strength  control* 
ling  crack.  A  crack  exists  near  the  crater  that  causes  the 
fracture  of  the  glass  at  the  load  found  in  the  test  program.  By 
inverting  equation  (1),  the  flaw  size  can  be  calculated  using  the 
known  fracture  strength  and  the  appropriate  geometry  factors  for_ 
the  crater. 

In  equation  (1),  the  flaw  described  is  a  pennyshaped  crack  in 
a  semi*infinita  medium.  This  description  would  certainly  fit  a 
manufacturing  flaw  in  a  glass  plate,  but  loses  its  relevance  when 
applied  to  the  pit  created  by  a  hypervelocity  impact.  In  re¬ 
search  related  to  hypervelocity  impact  damage*,  a  stress  concen¬ 
tration  factor  was  found  for  a  hemispherical  pit  at  a  free 
surface  in  a  state  of  plane  hydrostatic  tension;  K,  *  2.23.  Also 
related  to  hypervelocity  impact  damage,  additional  research^ 
found  that  is  approximately  3.8  for  a  45*  hyperboloid  cavity 
and  3.5  for  a  80*  hyperboloid  cavity  in  a  thin  plate  under 
hydrostatic  tension. 

To  derive  the  size  of  the  critical  flaw  causing  failure  in 
the  hypervelocity  impact  test  specimens  in  this  test  program, 
factors  such  as  the  above  should  be  used,  compounded  with  the 
geometry  factors  Inherent  in  the  fracture  equation  (1) . 

Before  applying  these  factors  to  the  fracture  equation, 
however,  the  loading  condition  of  the  test  plates  was  considered. 
These  plates  were  fractured  in  bending,  in  a  concentric  ring 
apparatus.  The  two  research  efforts  described  above  calculated 
geometry  factors  for  plates  in  hydrostatic  tension.  Another 
source  was  found  which  addressed  the  case  of  bending  in  a  plate, 
but  examined  the  geometry  of  a  deep  hyperboliv  notch,  not  a 
central  pit."  For  the  dimensions  found  in  the  test  specimens  in 
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this  study,  the  stress  concentration  factor  derived  from  this 
source  would  not  exceed  3.6.  For  the  purposes  of  this  effort, 
the  hydrostatic  tension  cases  described  above  ware  used,  with  a 
conservative  value  of  K«4.0  (by  plotting  vs.  hyperboloid 
angle  given  in  ref.  7,  it  can  be  shown  that  approaches  4  as 
the  angle  approaches  0  * } • 


Additional  consideration  is  due  to  the  scale  of  the  damages. 
For  the  test  cases,  where  the  hypervelocity  pits  are  created  in 
the  lab,  the  smallest  crater  had  a  depth  of  .02  inches.  Compare 
this  to  the  six  flight^damaged  disks  tested,  where  the  largest 
pit  had  a  depth  of  .012  inches  and  the  smallest  was  .0009  inches 
deep.  In  analyzing  the  fracture  of  these  disks,  the  thin  plate 
assumption  was  used  for  the  test  disks  (K,-*4),  while  the  free 
surface  model  was  used  for  the  flight-damaged  disks  (X(*2.23). 

The  fracture  equation  is  now: 


ft  - 

***  i.i3ir,vm 


(2) 


Now  the  strength  controlling  flaw  size  can  be  found  from  the 
failure  strength. 

As  described  earlier  in  this  paper,  most  of  the  specimens 
were  dried  and  vacuum  bagged  prior  to  the  strength  testing,  to 
prevent  stib-crltical  crack  growth.  In  this  part  of  the  analysis, 
only  the  data  from  the  bagged  specimens  was  used,  since  some  sub- 
critical  crack  growth  presumably  occurred  in  the  remaining 
unbagged  disks  prior  to  their  final  failure.  The  strength  data 
from  the  bagged  disks  was  used  with  equation  (2)  to  compute  a 
flaw  depth. 

The  flaw  depth  data  were  used  in  a  linear  regression  analy¬ 
sis  with  the  crater  depth  measurements  and  a  relationship  between 
them,  in  equation  (3)  was  determined.  This  relationship  is  shown 
in  Figure  8. 

a  (p*,)  -.001608  ♦.01063P,.  (3) 

Figure  9  shows  several  curves  and  data  points.  The  a 
Indicates  a  tested  value.  The  lowest  curve,  labeled  "fatigue 
model,"  is  the  strength  that  would  be  predicted  by  the  current 
Shuttle  Program  techniques.  The  next  curve,  "fracture  model,"  is 
a  value  that  would  be  calculated  if  no  static  fatigue  was  as¬ 
sumed.  The  curve  labeled  "S*",  running  through  the  mean  of  the 
test  data,  reflects  the  fracture  strength  based  on  a  best-fit 
curve  for  flaw  depth  as  a  function  of  crater  depth  (see  equation 
(3)). 
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Plaw  Depth  vs.  Crater  Depth 


Pigur*  8 


Residual  Strength  of  Fused  Silica 


Pigur*  9 

Equation  (3)  was  ussd  to  calculata  flaw  depth  a*,  which  was 
thsn  ussd  in  a  static  fatigue  analysis  to  predict  residual 
strength^  aho%m  in  Pigure  9  as  the  curve  labeled  "Fatigue  Anal, 
of  S*." 

Figure  9  shows  that  the  strength  of  the  test  disks  are 
bounded  by  the  predicted  values  using  a*  and  static  fatigue 
analysis.  Some  subcritical  crack  growth  probably  occurred  in 
this  test  program,  even  though  the  disks  were  dried  and  vacuum- 
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bagged,  so  the  static  fatigue  curve  for  a*  should  be  a  conserva¬ 
tive  predictor  for  the  bagged  specimens'  strength.  This  method 
was  next  tested  against  the  unbagged  specimens  of  the  test 
program,  using  the  curve  of  equation  (3)  to  predict  flaw  depth, 
as  shown  in  Figure  10. 


R«3tdual  Strenoth  of  Fused  Silica 
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Figure  10 

. _ Finally,  this  technique  was  evaluated  using  the  flight- 
damaged  disks.  It  was  Immediately  apparent  that  the  difference 
in  scale  between  the  craters  on  the  test  disks  and  the  flight 
damaged  disks  would  make  application  of  equation  (3)  impossible. 
The  crater  depth  for  the  STS-61B  damage  is  only  .0009",  while  the 
smallest  flaw  depth  predicted  by  equation  (3)  is  .0016".  The 
result  of  using  this  relationship  would  be  extremely  conservative 
predicted  strengths  for  the  very  small  flaws  found  on  the  Space 
Shuttle  windows.  To  resolve  this  problem,  the  strength  data  from 
the  vacuum-bagged  flight  disks  were  Included  in  the  derivation  of 
the  flaw  depth  equation. 

A  new  equation  was  derived  from  this  data: 
s(Po) -.000845  ♦.022264p^  <4) 

This  curve  is  compared  with  equation  (3)  In  Figure  11: 


Plow  Depth  vs  Chater  Depth 


Figuro  11 

Th«  strength  prsdlctsd  From  this  equation  is  shown  in 
Figure  12: 


Residual  Strength  vs.  Crater  Depth 
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Figuro  12 

The  curve  showing  estinated  fatigue  strength  from  a*  has  a 
"jog"  in  it  for  the  snallest  crater  depths.  This  *'jog'*  is 
attributed  to  the  different  K,  used  for  flight  danaged  disks, 
because  the  craters  are  so  snail  with  respect  to  the  thickness  of 
the  plate  (the  free  surface  assumption  is  used  here,  rather  than 
the  thin  plate  assunption  as  discussed  in  references  6  and  7) . 
This  figure  denonstratee  '^hat  the  test  data  is  bounded  by  the 
fatigue  curve. 
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This  technlqua  was  avaluated  by  using  the  unbagged  test 
specimens  and  flight  damaged  disks: 


Residual  Strength  of  Fused  S<  I ica 
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Figure  13 


The  critical  aspect  of  this  graph  is  the  fact  that  the  curve 
"fatigue  on  a*"  lies  below  all  of  the  test  data  strength  values. 

A  conservativa  predictor  of  window  strength  has  been  derived.  - 

CgnslMglQiia 

The  strength  of  a  window  pane  damaged  during  orbital  opera¬ 
tions  can  be  conservatively  predicted  by  following  the  procedures 
outlined  below: 

(1)  Accurately  measure  the  depth  of  the  impact. 

(2)  Predict  the  size  of  the  strength  controlling  flaw  by  using 
aquation  (4) . 

(3)  Use  a  conservative  fatigue  analysis  to  calculate  the  residu¬ 
al  strength  and  life  of  the  Shuttle  window;  an  additional  stress 
concentration  factor  of  2.23  is  used  in  the  computation  of  K,. 
for  this  analysis. 

This  analysis  should  result  in  a  strength  value  for  the 
window  that  is  conservative,  ie.  includes  a  margin  of  safety  over 
the  actual  value,  but  that  will  not  be  as  conservative  as  the 
current  techniques.  This  new  technique  will  be  recommended  to 
the  Shuttle  Program  as  a  change  to  current  maintenance  and 
failure  analysis.  Further  testing  will  probably  be  done  to 
establish  a  high  degree  of  confidence  in  this  method.  Such 
testing  should  include  more  exploration  into  issues  of  scale  and 
stress  concentration  factors. 
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This  research  effort  has  resulted  in  a  great  deal  of  data 
and  analysis,  a  small  part  of  which  is  presented  here.  Future 
papers  will  address  the  penetration  equation,  the  possible 
relationships  between  crater  aspect  ratio  and  impact  energy,  and 
will  further  explore  crack  growth  during  hypervelocity  impact. 
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ABSIBAgI 


There  are  complaints  of  fatigue  failures  of  the  canopy  transparencies 
in  flights,  and,  therefore,  there  is  a  need  to  improve  the  canopy  design  and 
prolong  its  fatigue  life  and  reliability. 

The  study  described  in  the  paper  is  devoted  to  this  goal  and  includes 
three  parts: 

1 .  Investigation  of  fatigue  behavior  of  structural  polycarbonate  plies  on 
the  basis  of  the  developed  long-term  test  procedure.  Fatigue  characteristics 
have  been  determined  for  the  coupons  manufactured  from  plies  with 
different  thickness,  for  the  solid  coupons  and  for  the  specimens  with  stress 
concentrators. 

2.  Accelerated  investigation  of  fatigue  parameters  of  the  coupons  from 

structural  polycarbonate.  The  accelerated  fatigue  test  procedure  has  been 
developed  and  permits  to  control  a  stabilit/  of  the  manufacturing  process  of 
the  polycarbonate  sheets  and  enables  quick  preliminary  estimates  of  the 
design  changes^  -  - 

3.  Investigation  of  fatigue  failures  of  coupons  from  polycarbonate 
transparencies  in  different  environmental  conditions.  The  combination  of 
different  temperatures,  weathering,  and  chemical  actions  can  significantly 
change  polycarbonate  fatigue  crack  propagation  parameters.  This  part  of 
the  project  is  in  progress  but  some  results  are  presented  for  discussion. 

The  paper  partially  combines  the  data  published  in  [1,2]  with  the 
addition  of  temperature  exposure  fatigue  investigations. 


iliTBQP.UCHQN 

There  are  complaints  of  F-1 6  transparency  failures  in  flight  [3,4,5]. 
The  nature  of  failures  is  not  quite  clear,  but  some  evidence  implies  that 
transparency  life  is  limited  by  fatigue.  At  present,  no  experimental  fatigue 
statistics  on  the  composite  material  used  for  F-1 6  transparency  were  found. 
Therefore,  today  no  data  exists  that  allows  life  prediction  for  a  canopy 
based  on  fatigue  or  crack  propagation,  and  thus  no  basis  for  comparison  of 
new  materials  and  designs  taking  into  consideration  their  resistance  to 
fatigue  and  crack  propagation. 

The  F-1 6  transparency  is  manufactured  from  a  laminated  composite 
material.  Components  of  the  composite  are  an  acrylic  face  ply,  a 
polycarbonate  ply,  interlayers,  and  coatings  with  some  variations  among  the 
vendors.  Design  of  the  canopy  allows  to  unload  an  acrylic  ply  and  that  is 
why  the  structural  polycarbonate  ply  of  the  composite  was  the  primary 
concern  during  fatigue  investigation  in  this  project. 

Note  that  a  long-term  fetigue  test  procedure  requires  the  breeking  of 
20  to  30  identically  prepared  specimens  and  1 5  days  to  one  month  to 
complete.  Thus,  manufecturers  do  not  perform  a  conventional  fatigue  test 


in  spite  of  its  obvious  utility.  Therefore,  there  is  a  definite  need  '  n 
accelerated  test  which  can  be  completed  in  approximately  one  sht-t  ^nd  the 
fatigue  tests  results  gained  in  this  study  can  be  useful  to  verify  thf-  .-irrcision 
accelerated  test  procedure  developed. 

The  project  also  includes  some  investigations  of  fatigue  resists  '.;e  of 
polycarbonate  sheets  with  different  thickness,  and  study  of  fatigue  life 
under  different  load  frequency  and  temperature. 


MATEBtALANP..SPEQIM5Ng 

The  material  used  was  supplied  by  Wright<Patterson  Air  Force  Base. 
The  testing  coupons  were  cut  from  the  0.5-inch  polycarbonate  sheets.  The 
sheets  were  extruded,  pressed  and  polished  in  accordance  with  the  military 
specification  MIL'P-83310. 

The  configuration  and  dimensions  of  the  test  specimens  are  shown  in 
Fig.  1 .  The  specimens  were  cut  by  a  fine  band  saw  with  the  lowest 
possible  speed  and  using  a  cooling  liquid.  The  holes  were  also  drilled  very 
slowly  with  intermittent  stops  and  using  cooling  liquid.  The  hole  edge  burrs 
were  not  removed  to  prevent  invisible  damage.  The  cut  specimens  were 
divided  into  two  groups.  In  the  first  group  the  edges  were  left  as  they  were 
after  machining.  All  machined  specimens  in  the  second  group  were  polished 
on  the  sides  and  edges  by  carbimet  paper  disks  for  automet  attachment. 

The  8"  X  2.5”  self-adhesive  back  disks  NO.  30-5158-120,  grits  120-180, 
were  manufactured  by  BUEHLER  LTD.  The  3/4"  core-series  17-0310  scotch 
tape  was  used  to  protect  from  damage  the  gripping  area  of  the  specimens.  , 
The  scotch  tape  was  bonded  in  three  layers  on  each  end  of  the  specimen. 

It  took  usually  about  1 0  minutes  after  the  beginning  of  the  test  to  adjust  the 
loading  regime  assigned  due  to  formation  of  "bed"  by  hard  jig  rollers  in  the 
soft  tape  layers. 


EflVIEMEMI 


The  flexure  fatigue  tests  were  conducted  on  an  MTS  machine  using 
four  point  MTS  flexure  system  to  provide  pure  bending.  Actual  flexure 
fixture  and  loading  diagram  are  shown  in  Figures  2  and  3. 

Note  that  load  reading  on  the  MTS  machine  controller  is  P,  in  other 
words  the  load  reading  on  the  machine  device  doubled  comparing  with  that 
shown  in  Figure  3.  The  appropriate  support  and  load  spans  were  selected 
to  provide  minimum  possible  deflection  of  the  wpecimens.  The  small 
deflections  provide  more  stable  position  of  the  specimens  between  jig  rollers 
and  permit  to  nssign  greater  testing  frequency. 

The  fie:^ure  fatigue  tests  under  different  temperatures  were 
conducted. 


FAILURE  CRITERiA 

Different  options  were  analyzed  prior  to  the  assign  a  final  failure 
criterion. 

1 .  Certain  percentage  load  drop  can  be  considered  as  failure  during 
constant  stroke  and  hence  controlled  specimen  deflection  testing.  Thm 
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testing  mode  permitted  crack  growth  observation  and  decreased  creep 
influence.  But  non-uniform  and  inconsistent  load  drop  registered  during 
preliminary  tests  did  not  permit  to  make  a  clear  test  result  interpretation. 
Also  constant  deflection  conditions  do  not  reflect  the  actual  situation. 

2.  During  constant  load  testing  the  complete  separation  or  certain 
percentage  crack  propagation  can  be  considered  as  failure  and  the 
preliminary  testing  showed  that  the  resultant  scatter  was  significantly  less 
than  in  the  constant  stroke  test.  The  constant  load  mode  also  better 
simulates  the  actual  loading. 

3.  Crazing  and  therefore  visibility  lost  definitely  can  be  considered  as 
failures  for  the  canopy  material. 

4.  A  minute  crack  detected  by  eye  can  also  be  considered  as  a  failure 
because  there  is  no  data  on  how  fast  an  initial  crack  will  propagate  in  the 
polycarbonate  sheet  tested. 

Taking  this  into  consideration  the  decision  was  made  to  perform  the 
test  under  constant  load  regime  and  develop  S-N  diagrams  with  different 
failure  criteria  (complete  separation  or  80%  crack  propagation  over  the 
specimen  width,  crazing,  minute  crack  formation). 


LOJiq-TERM  TEST  PROCEDURE  (ROOM  TEMPERATURE) 

"  The  pulsating  bending  tests  were  conducted  in  the  laboratory^”  ^ - 

atmosphere  (about  70°F  and  50%  relative  humidity).  The  tests  were  run  at 
least  at  four  load  levels  and  four  specimens  were  tested  at  each  load  level. 
The  regimes  are  given  in  Table  2.  The  ratio  of  minimum  load  over  maximum 
load  was  0.2  for  all  tests.  The  testing  time  per  day  was  not  more  than  10 
hours,  hence  the  possible  influence  of  stops  was  not  considered  in  this 
project.  The  tuts  continued  until  specified  damage  were  observed  but  not 
^  longer  than  10°  cycles.  Regression  analysis  was  used  to  treat  the  test 

results. 


LONG-TERM  TEST  BESULTS  AND  DAMAGE  DESCRIPTION 

The  test  results  of  0.5-inch  coupons  are  plotted  in  Figures  4,  5,  and 
6.  The  cracks  were  always  started  at  the  bottom  tensile  zone  of  the 
specimens  (Figures  7,  8).  In  all  solid  specimens  with  the  exception  of  two 
cases  the  cracks  propagated  from  the  edge  toward  the  canter  of  the 
coupons  tested.  In  all  specimens  with  stress  concentrators  the  cracks 
propagated  from  the  hole  edges  toward  the  specimens'  sides.  Usually  craze 
(minute  crack)  spot  proceeds  the  crack  formation  and  propagates  ahead  of 
the  crack  tip  and  it  can  be  concluded  that  damage  mechanism  is  very  similar 
to  that  described  in  (61  for  crack  propagation  in  polysterene  under  fatigue 
loading.  When  the  visible  separate  minute  cracks  were  detected  during  the 
high  load  level  testing,  the  massive  craze  zones  developed  after  that  very 
fast.  It  can  be  noted  that  the  lives  of  specimens  are  significant  after  the 
massive  craze  spot  formation  until  complete  breakage.  For  low  load  levels 
no  massive  craze  zones  were  observed.  But  again  in  many  cases  after  the 
initiated  crack  was  easily  visible  we  could  detect  a  substantial  number  of 
cycles  until  complete  breakage  of  the  specimen.  Comparison  of  the  S-N 
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diagrams  in  figures  4,  5,  and  6  shows  that  the  stress  concentration 
influence  on  fatigue  life  of  the  tested  polycarbonate  specimens  is  significant. 
The  specimens  without  stress  concentration  have  much  longer  fatigue  life. 

Comparison  of  fatigue  lives  for  the  0.5"  and  0.25"  thickness 
specimens  tested  under  the  same  stress  is  given  in  Figure  9.  The  test 
results  show  that  the  life  of  the  thinner  material  is  less.  The  breakage  of  the 
0.25-inch  specimen  occurred  almost  without  any  "warning."  Complete 
separation  was  approached  very  fast  after  the  crack  initiation. 

The  results  of  fatigue  tests  conducted  at  different  load  frequencies 
are  given  in  Table  1.  The  results  show  that  the  properties  of  the  material 
tested  are  time  dependent.  The  number  of  cycles  until  complete  separation 
strongly  depends  on  frequency,  but  specimen  life  in  hours  was  almost  the 
same  for  the  specimens  tested  at  the  same  load  level  and  different 
frequencies.  It  can  be  taken  into  consideration  to  provide  optimal  usage  and 
efficiency  of  the  polycarbonate  parts. 


ACCELERATED  FATIGUE  TEST 

It  appears  that  the  fatigue  properties  of  polycarbonate  sheets  vary 
significantly  from  sheet  to  sheet.  Therefore,  it  is  important  to  have  a 
mechanism  which  permits  quality  control  of  polycarbonate  sheets,  detects 
deviations  in  the  manufacturing  process,  and  enables  preliminary  estimates 
of  the  design  changes.  The  accelerated  procedure  proposed  in  this  project 
V  is  based  on  Locaty's  accelerated  method  (71  used  as  prototype.  The  major 

objectives  of  the  study  was  development  of  a  detailed  procedure  of  the 
accelerated  fatigue  test  for  coupons  cut  from  structural  polycarbonate 
sheets. 

The  Locaty's  accelerated  fatigue  method  is  based  on  the  concept  of 
cumulative  fatigue  damage  [8]  considering  I)(ild  "  where  m  is  the 
number  of  cycles  which  the  specimen  workeoih  the  specified  test  regime, 
and  Ni  is  the  number  of  cycles  which  the  specimen  could  potantially  work 
in  accordance  with  the  fatigue  curve  received  from  the  long-term  fatigue 
tests  of  the  same  type  of  specimens.  The  loading  program  and  the 
treatment  of  results  are  presented  in  Figures  1 0  and  1 1 .  Figure  1 0  shows 
three  fatigue  curves  received  from  a  long-term  fatigue  test.  From  Figure  1 0, 
the  magnitudes  of 

m. 

are  determined.  With  these  parameters  and  the  corresponding  stresses,  we 
can  find  the  coordinates  of  the  points  which  result  in  the  curve  shown  in 
Figure  1 1 .  Now,  if  according  to  an  accepted  hypothesis  fatigue  strength 
corresponds  to  a  definite  value  it  is  possible  to  determine  the  magnitude  of 
fatigue  strength. 

The  long-term  fatigue  test  regimes  and  results  are  given  in  Table  2, 
and  plotted  in  Fig.  12.  The  example  of  program  and  parameters  of  the 
accelerated  tests  and  experimental  results  are  given  in  Figures  12,  13,  14 
and  in  Tables  3  and  4.  The  testing  lives  n^  are  taken  from  an  accelerated 
test  program  which  is  given,  for  example,  in  Figure  1 5.  and  expected  lives  N; 
for  the  curves  A,  B,  and  C  (90%,  5%,  and  95%  probability  of  survival)  are 
taken  from  Figure  1 2.  The  repeatability  of  the  results  is  quite  reasonable 
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and,  therefore,  the  sum  of  relative  lives  which  is  determined  experimentally 
can  probably  be  recommended  as  a  basic  parameter  to  confirm  whether  the 
specimens  tested  during  the  control  procedure  belong  to  the  entire 
population.  The  time  of  accelerated  tests  was  never  more  than  6  hours. 
The  failure  damage  and  failure  mechanism  during  long-term  and  accelerated 
fatigue  tests  were  similar.  The  cracks  always  started  at  the  bottom  tensile 
zones  of  the  specimens.  In  all  specimens  with  stress  concentrators  the 
cracks  propagated  from  the  hole  edges  toward  the  specimens  sides. 

Usually  a  minute  crack  spot  preceded  the  crack  formation  and  propagated 
ahead  of  the  crack  tip  during  the  entire  damage  process. 


TgMPEPATUBS,fia:g.C.T5 

This  part  of  the  project  is  in  progress  and  only  limited  results  can  be 
presented.  The  goal  is  investigate  the  flexure  fatigue  resistance  of  the  0.5- 
inch  polycarbonate.  Coupons  exposed  to  temperature  changes  in  the  range 
from  -50°C  to  50°C.  The  test  procedure,  specimen  design,  equipment 
and  loading  diagram  are  the  same  as  described  for  the  long-term  fatigue 
test.  By  this  time  the  study  under  positive  temperatures  is  completed  and 
results  are  given  in  Figures  15,  16,  17. 

The  influence  of  increased  temperature  (Fig.  15,  16)  is  very  strong, 
and  the  fatigue  lives  of  the  specimens  tested  are  from  2  to  3  times  less 
comparing  with  the  test  results  under  room  temperature.  It  is  important  to 

note  that  complete  fractures  of  the  coupons  tested  under  increased  _ 

--  —  temperatures  followed  alrihost  Irhitiediately  after  crack  initiations,  therefore, 
there  is  no  "warning"  before  the  break.  The  fracture  surface  topography 
shows  (Fig.  17)  that  it  is  brittle  failure  and  it  is  different  from  the  failure 
under  room  temperature. 


g-QWCUUStfiMS 

1.  The  0.5-inch  polycarbonate  coupons  have  substantial  fatigue  life  after  crack 
initiation  until  complete  fracture. 

2.  The  stress  concentration  effect  on  the  fatigue  life  of  the  polycarbonate 
coupons  tested  is  very  strong.  Therefore,  frameless  canopies  without  holes 
for  fasteners  can  be  very  promising. 

3.  The  results  of  the  accelerated  tests  have  good  repeatability.  The  procedure 
can  be  useful  tc  control  the  stability  of  the  manufacturing  process  and  for 
preliminary  estin  <?'te  of  new  designs. 

4.  The  polycarbonate  sheet  thickness  (from  0.25"  to  0.5”)  has  a  strong  effect 
on  the  fatigue  life  of  this  material. 

5.  The  fatigue  life  of  the  polycarbonate  tested  is  time-dependent.  The 
specimen  life  in  hours  does  not  depend  on  the  testing  frequency. 

6.  The  fatigue  life  of  the  polycarbonate  tested  is  significantly  decreased  as  the 
temperature  is  increased  (from  20°C  to  50°C). 

7.  Programmed  fatigue  investigation  is  strongly  recommended. 
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FIGURE  1 .  Specimans  Used  in  Study 


FIGURE  2.  MTS  Flaxtura  Fatigua  Flxtura 
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FIGURE  3.  Loading  Diagram 
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FIGURE  4  S*N  Diaqram  plottad  from  tha  raiults  of  fatigua  taat  for  tha 
polycarbonate  apacimena  with  atraaa  concantratora. 
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FIGURE  6  S'N  Diagram  piottad  from  the  raaulta  of  fatigue  teat  for  the  eolid 
polycarbonate  specimana. 
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FIGURE  6  S-N  Diagram  plotted  from  the  reeulta  of  fatigue  teats  for  the 
polycarbonate  specimens  with  and  without  stress  concentrators. 
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FIGURE  7.  Crack  at  tensile  zona  of  the  solid  polycarbonate  specimen,  20X. 
Crack  is  initiated  from  the  edge.  Craze  spot  is  located  ahead  of  the  crack  tip. 


FIGURE  8.  Crack  at  tensile  zone  of  the  specimen  with  1/4"  Ola  hole,  20X.  Crack 
is  started  from  the  hole  edge.  Craze  spot  is  located  ahead  of  the  crack  tip. 
163000  cycles. 
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FIGURE  9  Comparison  of  fatigue  lives  of  the  specimens  with 
different  thickness.  Variable  bending.  Specimens 
With  stress  concentration.  Fequency  6  Hz.  Five 
Specimens  tested  in  each  group. 


TABLE  1 

Fatigue  iives  of  specimens  tested  at  different  frequencies. 
Specimens  with  stress  concentration.  A.mpiitude  ioad  is  240  Lb. 


Specimen 

number 

Frequency, 

Hz 

Number  of  cycles 
uncil  failure 

Time  until 
failure,  h 

Average 
failure 
time,  h 

1 

8 

119300 

4.14 

4.69 

2 

8 

151000 

5.24 

3 

S 

92000 

5.11 

4 

5 

99000 

5.5 

5 

S 

115000 

6.39 

5.31 

6 

5 

100000 

5.57 

7 

5 

72000 

4.01 

8 

2  . 

40900 

5.68 

9 

2 

33700 

4.68 

4.70 

10 

■■2' 

61300 

3.74 
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FIGURE  10.  Loading  program  for  the  accelerated  test.  Three  fatigue  curves  A.  B. 

C  ere  received  from  a  long*  term  fatigue  test  and  correspond, 
for  example,  S%,  60%,  and  S6%jjrobahillty  of  Jailure. 
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FIGURE  1 2.  S-N  diaafam  for  oolvcarbonato  toacimene  with  atraat  eoneantratora. 
A.  B.  C  eurvaa  plottad  to  caicuiata  iivat  during  trcatmant  of  tha 
accelaratad  taat  rasulta. 


0  tSOOO  30030  4SOOO  60000 
Ttst  eyelts 


FIGURE  13.  Program  and  raaufts  of  accalaratad  fatigua  taat.  Spaciman  #1  with 
atraaa  eoncantration. 


FIGURE  14.  Graphical  rapraaantatlon  of  tha  accalaratad  fatigua  taat.  Spaciman  #1. 
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TABLE  2. 

Tasting  regimas  (Long-tarn  taot;  variable  banding) . 


Aaplituda 

load,  Lb 

Aaplituda 
stress,  osi 

Max.  Stress  . 

Frequency, 

. .H2 . 

Plata  with 
a  hole 

Solid 

Dlate 

180 

240 

1440 

0.2 

12 

360 

2160 

0.2 

8 

360 

480 

2880 

0.2 

6 

600 

3600 

0.2 

5 

540 

720 

4320 

0.2 

4 

0.2 

3 

TABLE  3.  Accalarated  test  results. 


Speciaan 

nuabar 

Max.  load 
ineraaent , 
Lb 

Huaber  of 
cycles  at 
one  load 
level 

Nuabar  of 
steps  until 
failure 

Nuaber  of 
cycles  until 
failure 

1 

200 

15000 

4 

56000 

. 2  . 

200^,. . 

15000 

. s.., . . 

74200 

3 

200 

15000 

4 

50500 

4 

200 

15000 

3 

53900 

TABLE  4.  Accalarated  test  result  traatnant. 


taplituda 
stress,  osi 

Curve 

A 

Curve  B 

Curve 

C 

Mi, 

cycles 

ni  /Ni 

Ni, 

cycles 

nj  /Ni 

Ni, 

cycles 

nj  /Ni 

1280 

450000 

0.030 

350000 

0.043 

230000 

0.065 

1920 

300000 

0.050 

260000 

0.058 

150000 

0.100 

2560 

170000 

0.088 

140000 

0.107 

100000 

0.150 

3200 

105000 

0.105 

85000 

0.129 

68000 

0.162 

0.273 

0.337 

0.477 

C)de'  tn  raitiirc/  lOOQO 


Cycles  to  Failure  / 10000 


FIGURE  1 5  Tomperatura  affact  on  fadgua  iifo  of  lha  O.S^nch 
_  _  ; _  poiycarbonata  tpacimana. 
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FIGURE  17  Failure  surface  topography  for  the  specimens  tested 
under  different  load  and  temperature. 

1  Amplitude  Load  »  400  lb 
Temperature  =  40®C 

2  Amplitude  Load  =  240  lb 
Temperature  =»  40°C 

3  Amplitude  Load  »  160  lb 
Temperature  ■  40°C 

4  Amplitude  Load  •  400  lb 
Temperature  »  30**C 
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by 
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ABSTRACT 

A  major  problem  associated  with  amorphous  polymers  is  that  they  are  not  in 
thermodynamic  equilibrium  after  forming,  and  it  may  take  a  long  time  for  equilibrium  to  be 
reached.  As  a  result,  even  when  the  other  destabilizing  factors  are  eliminated,  amorphous 
polymers  physically  age  with  time.  This  phenomena  is  characterized  by  molecular  rearrangement 
into  a  thv’trm^ynamic  state  of  lower  free  energy.  The  rate  of  molecular  rearrangement  increases 
with  increasing  temperature,  and  has  been  found  to  be  nonlinear  with  time.  This  means  that  the 
thermal  h  istory  of  the  material  has  a  strong  influence  on  the  state  of  aging  the  material  has 
experienced.  The  decrease  in  free  volume  of  the  polymer  slows  with  time,  as  has  been  shown  in 
long-term  creep  t;sts,  and  by  viscoelastic  measurements  that  show  an  increase  in  relaxation  time. 
Laboratory  experiments,  in  which  a  oolymer  is  subjected  to  well-defined  and  known  thermal 
histories,  have  shown  that  aging  results  in  a  number  of  changes  in  the  polymer  that  eventually 
lead  to  changes  in  the  macroscopic  property  performance  of  the  polymer.  In  particular,  it  has 
been  shown  that  aged  amorphous  polymers  become  brittle.  An  appropriate  method  for  analyzing 
polycarbonate  fracture  is  based  on  the  model  of  a  critical  free  volume  leading  to  a  ductile-brittle 
transition.  ~  It  is  hypothesized  that  a  master  curve  of  free  volume  versus  aging  time,  normalized 
for  stress  level  and  temperature,  can  be  developed  to  provide  a  predictive  tool  for  determining 
how  close  a  transparency  is  to  the  critical  transition  point.  Since  it  has  been  shown  that 
polycarbonate  can  be  rejuvenated  by  reheating  above  its  glass  transition  temperature  and 
requenching  to  regenerate  the  necessary  excess  free  volume,  brittle  failures  can  be  averted  in 
transparencies  that  are  close  to  the  ductile-brittle  transition.  Positron  annihilation  spectroscopy 
con  be  used  to  measure  the  free  volume  of  as-molded  and  laboratory-aged  polycarbonate  samples. 
The  free  volume  can  then  be  correlated  with  the  mode  of  failure  of  the  polymer,  and  a  model 
developed  that  will  relate  the  free  volume  of  a  transparency  to  the  condition  of  the  aged  polymer 
at  any  time  In  its  post-molded  life. 
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INTRODUCTION 


A  technical  approach  addressing  the  development  of  a  useful  testing  protocol  and  analysis 
methodology  for  aging  of  polycarbonate  is  proposed  based  on  the  concept  Aat  the  key  mechanical 
properties  of  an  amorphous  polymer  are  directly  related  to  Its  free  volume.  There  are  two  basic 
classes  of  polymers:  amorphous  and  semi-crystalline.  Semi-crystalline  polymers  have  a  complex 
molecular  morphology  and  their  aging  behavior  is  determined  by  changes  in  either,  or  both, 
phases.  In  contrast,  amorphous  polymers  have  no  ordered  morphological  features.  They  are 
vitrified  liquids,  whose  main  o’oin  molecular  motion  has  been  frozen.  A  number  of  changes  can 
occur  to  amorphous  polymers  during  aging  that  depend  on  the  environment  to  which  they  are 
exposed. 

Many  of  the  long-term  performance  characteristics  of  polymers  are  not  well  understood. 

In  addition,  it  is  realized  that  additional  stresses,  which  are  not  always  well  known  or  consistent, 
can  be  introduced  by  various  manufacturing  techniques.  The  variability  in  molded-in  residual 
stresses  makes  the  understanding  of  the  material  even  more  difficult.  Yet  understanding  the 
materia]  at  die  basic  level  is  necessary  for  developing  the  capability  to  predict  and  extend  service 
life.  A  number  of  other  phenomena  can  also  influence  the  long-term  behavior  of  polycarbonate. 

In  addition  to  molded-in  stresses,  these  phenomena  include  residual  orientation,  surface  defects, 
absorbed  moisture,  and  UV  disradation.  Molded-in  stresses  and  surface  defects  make  the 
polymer  susceptible  to  stress  cracking  by  small  concentrations  of  solvent.  Molded-in  stresses  and 
residual  orientation  will  slowly  relax  with  time,  but  in  doing  so  will  alter  the  mechanical 
properties  of  the  material,  and  can  often  lead  to  warpage  of  the  part.  Absorbed  moisture  and  UV 
degradation  will  reduce  the  molecular  weight  of  the  polymer,  thereby  reducing  its  mechanical 
properties.  The  effects  of  all  of  these  phenomena  are  to  make  the  polymer  more  brittle. 

Many  of  die  above  problems  with  molded  polymers  can  be  eliminated  by  quality  mold  -  - 
design  (to  eliminate  surface  defects),  close  control  over  the  molding  process  (to  eliminate  residual 
orientation,  molded-in  stresses,  and  absorbed  moisture),  and  chemical  modification  (to  provide 
UV  protection).  Even  If  these  precautions  are  taken,  however,  the  problem  remains  that 
amorphous  polymers  are  not  in  thermodynamic  equilibrium,  and  it  may  take  a  long  time  for 
equilibrium  to  be  reached.  As  a  result,  even  when  the  other  destabilizing  factors  are  eliminated 
by  suitable  processing  and  stabilization,  amorphous  polymers  physically  age  with  time. 

Figures  1-3  show  that  while  the  tensile  strength  and  tensile  modulus  of  polycarbonate  do 
not  diange  in  any  significant  detrimental  manner  during  physical  aging,  the  impact  strength  of  the 
polymer  exhibits  a  sharp  reduction  over  a  very  short  period  of  time. '  In  order  to  make 
reasonable  predictions  of  the  time  at  which  the  polycarbonate  changes  from  ductile  to  brittle 
behavior,  it  is  necessary  to  identify  some  property  of  the  polymer  that  changes  in  a  dependable 
manner  and  can  be  correlated  to  the  onset  of  brittleness.  Moreover,  this  property  must  be 
capable  of  being  measured  in  a  sensitive  manner  during  short-term  "aging*  experiments. 

THEORETICAL  CONSIDERATIONS 

Aldiough  the  rate  and  extent  of  aging  varies  for  each  polymer,  depending  on  die  polymer 
type  and  its  thermal  and  mechanical  history,  research  has  shown  that  physical  aging  is 


364 


thermodynamic  in  nature,  and,  therefore,  the  extent  of  aging  can  be  described  as  a  state 
fiinalon.^  This  means  that  the  extent  of  physical  aging  of  a  polymer  can  be  described  simply  by 
determining  the  thermodynamic  state  of  the  polymer  at  a  given  point  in  time.  The  state  function 
that  has  been  most  closely  correlated  with  the  extent  of  physical  aging  in  a  polymer  system  is  the 
excess  free  volume  of  die  polytrer  system.  Free  volume  exists  in  polymer  systems  because  the 
randomly  coiled  polymer  nwlecules  cannot  pack  to  100  percent  molecular  density.  The  term 
"excess”  free  volume  is  used  because  there  will  always  be  unoccupied  space,  or  free  volume, 
available  in  a  polymer,  even  at  maximum  molecular  packing  (i.e,  the  "equilibrium”  free  volume 
content  of  a  totally  amorphous  system).  The  excess  free  volume  in  the  polymer  system  allows 
molecular  motions  to  occur  that  would  be  frozen  out  if  the  polymer  were  able  to  relax  to  its 
equilibrium  level  of  free  volume  during  cooling.  It  is  this  molecular  motion  that  allows  structural 
rearrangement  and  free  volume  relaxation  to  occur  within  the  polymer,  and  leads  to  the  process 
generally  described  as  physical  aging  in  the  amorphous  regions  of  polymer  systems. 

At  any  point  in  time,  the  rate  of  physical  aging  is  typically  dependent  on  the  structure  of 
the  polymer  system  (i.e.  how  far  the  system  is  away  from  its  equilibrium  level  of  free  volume) 
and  the  temperature  of  the  polymer  system.  The  farther  a  given  system  is  away  from  its 
equilibrium  structure,  and  the  higher  the  temperature  at  which  the  process  is  allowed  to  occur, 
the  faster  the  effects  of  physical  aging  will  be  noted.  Thus,  it  is  obvious  that  the  thermal  and 
mechanical  history  of  a  given  polymek  material,  not  only  defines  the  current  state  of  physical 
aging  the  material  exhibits,  but  also  has  a  strong  influence  on  the  rate  at  which  physical  aging 
will  proceed.  It  had  been  demonstrated  through  numerous  studies  that  polymers  age  more  rapidly 
as  tlw  temperatures  to  which  they  are  exposed  approach  their  glass  transition  temperatures.  This 
is  expected  since  the  rate  of  molecular  rearrangement,  and  hence  structural  relaxation,  increases 
with  increasing  temperature. 

High  excess  free  volume  often  resulu  in  more  ductile  behavior,  as  characterized  by  a  large —  -  - 
strain-to>break  or  high  impact  strength.’  This  type  of  behavior  is  not  found  in  all  amorphous 
polymers,  but  primarily  those  which  exhibit  low  secondary  (sub-Tg)  transition  temperatures.  For 
example,  polycarbonate,  which  has  its  lowest  secondary  transition  temperature  at  -85  C, 
demonstrates  ductile  behavior  (as  exemplified  by  its  high  impact  strength)  at  temperatures  well 
below  its  glass  transition  temperature  of  ISO  C.  However,  laboratory  experiments,  in  which  a 
polymer  is  subjected  to  well  defined  and  known  thermal  histories,  have  demonstrated  that 
physical  aging  results  in  a  change  in  the  free  volume  of  the  polymer  that  eventually  leads  to 
dianges  in  the  macroscopic  prqterty  performance  of  the  polymer.  In  particular,  evidence  exists 
that  a  shift  from  a  ductile-to-brittle  failure  mode  will  occur  ^en  free  volume  d^reases  below 
some  (Critical  level  of  excess  free  volume.*  Since  the  excess  free  volume  is  simply  the  actual  free 
volume  minus  the  constant  equilibrium  ftee  volume  at  a  given  temperature,  measurement  of  the 
free  volume  is  ail  that  is  needed  to  provide  an  index  of  the  degree  to  which  die  polymer  is  aged.’ 
Furthermore,  the  free  volume  of  a  polymer  sample  of  any  age  and  history  can  be  correlated  to 
the  strain-to-break  at  failure  or  high  impact  strength.  Crissman  and  McKenna  have  even 
demonstrated  that  the  aging  of  amorphous  polymers  under  different  conditions  could  be  reduced 
to  a  single  master  curve  of  strain-to-break  versus  time,  with  appropriates  shifts  to  account  for 
aging  temperature  and  loading  force.* 
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The  free  volunr>e  of  polycarbonate  can  be  measured  as  a  function  of  time  at  various 
temperatures,  and  those  curves  can  be  shifted  to  produce  a  single  master  curve  of  free  volume 
versus  time  at  the  temperature  of  interest.  That  single  free  volume-time  curve  can  then  be  used 
to  predict  the  time  at  which  the  critical  free  volume  for  the  onset  of  brittle  failure  will  occur. 


FREE  VOLUME  MEASUREMENT  PROCEDURES 

Until  recently  precise  determination  of  the  free  volume  of  polymers  required  tedious 
diiatometric  measurements.  In  the  last  few  years  an  important  technique  has  been  applied  to  the 
study  of  physical  aging  that  significantly  reduces  the  time  required  to  make  this  measurement  and 
greatly  enhances  the  precision  of  the  data  obtained.  This  technique  is  Positron  Annihilation 
Lifetime  Spectroscopy  (PALS).^'*  Figure  4  shows  that  this  technique  is  quite  sensitive  to  small 
changes  in  free  volume  and  has  been  used  to  quantify  the  aging  behavior  of  polycarbonate.^ 

When  positrons  are  injected  into  solid  matter,  some  of  the  positively  charged  particles  combine 
with  electrons  to  form  ortho-positronium,  which  becomes  trapped  in  local  regions  of  free  volume. 
Positron  annihilation  spectroj<copy  measures  the  time  for  ortho-positfonium  to  decay,  and  the 
intensity  of  the  decay  event.  The  decay  time  of  ortho-positronium  is  between  1  and  S 
nanoseconds.  This  decay  time  is  proportional  to  the  average  size  of  the  free  volume  sites  in  a 
polymer  sample.  The  intensity  of  the  decay  is  proportional  to  the  number  of  free  volume  sites  in 
which  ortfio-poshronium  is  trapped.  Therefore,  the  free  volume  is  simply  the  produa  of  tha  * 
size  times  the  number  of  void  sites.  The  decay  events  are  measured  from  gamma  rays  emiiw... 
from  the  source  (at  one  energy  level)  and  the  positronium  (at  another  energy  level).  A  typi^'al 
positron  lifetime  curve  is  shown  in  Figure  S.  This  decay  curve  in  polymers  is  typically  a 
composite  of  four  contributions,  which  can  be  expressed  mathematically  as: 


Y(t)  »  Ae^  +  +  CeT<  +  D  0 


Y(t)  Is  the  number  of  positron  annihilations  recorded  at  time,  t.  D  is  the  magnitude  of  die 
background  decay  recorded  by  the  instrument.  A,  B,  and  C  are  zero  time  intercepts  of  the  three 
curves  that  comprise  three  modes  of  positron  decay,  a,  /?,  and  7  are  reciprocals  of  the  slopes  of 
diese  lines.  The  curve  Ae°*  is  related  to  the  decay  of  para-positronium,  a  short-lived  positron- 
electron  complex  and  other  short  lifetime  events.  The  decay  time  associated  with  this  type  of 
flrst  component  is  on  the  order  of  0.1-0.3  ns.  Curve  Be^  is  related  to  the  decay  of  free  positrons 
with  electrons.  Free  positrons  have  a  lifetime  between  0.3  ns  and  0.8  ns.  The  curve  is 
related  to  the  decay  of  oidio-positronium,  a  relatively  long-lived,  (1-5  ns),  positron-electron 
complex.  Ortho-positronium  is  postulated  to  become  trapped  in  fiee  volume  sites  prior  to 
decaying,  thus  the  lifetime  of  ortho-positronium  is  related  to  the  free  volume  in  a  sample.  The 
size  of  tiw  free  volume  sites  is  relat^  to  the  reciprocal  of  slope  of  the  Ce*)^  curve,  •  I/7. 

The  area  under  each  of  the  three  decay  curves  esn  be  calculated  to  produce  three  quantities;  1|. 

I},  and  13.  I3  is  related  to  the  magnitude  of  the  free  volume  in  the  sample. 
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ANALYSIS  OF  AGING  BEHAVIOR 


An  important  eiement  in  analyzing  the  performance  of  polycarbonate  is  the  way  in  which  it 
is  evaluated  to  determine  its  lifetime  in  a  given  service  environment.  Specific  evaluation  tests 
must  be  conducted  on  samples  removed  from  an  accelerated  aging  environment,  usually  at 
elevated  temperatures,  and  correlated  with  data  taken  from  samples  in  the  actual  service 
environment.  The  objective  of  all  the  evaluations  is  to  determine  the  projected  lifetime  of  the 
polynwr  for  use  in  the  service  environment. 

Several  mechanical  properties  are  particularly  sensitive  to  the  performance  of 
polycarbonate  parts.  These  include  elongation-to-break  and  impact  resistance.  As  shown  in 
Figures  1  and  2,  the  degree  of  aging  of  polycarbonate  cannot  always  be  determined  by  tensile 
strength  and  modulus  data.  The  polymer  may  not  show  evidence  of  visual  or  mechanical 
property  changes  during  a  limited  aging  investigation.  In  addition,  chemical  or  physical  dianges 
in  the  polymer  may  take  excessively  long  to  manifest  themselves  as  visual  or  medtanical  property 
defects,  even  under  accelerated  coiiditions.  Thus,  it  would  be  useful  to  have  a  technique  that  can 
provide  early  detection  of  significant  changes  in  the  material. 

The  proposed  testing  procedure  is  designed  to  provide  specific  information  about  the 
performance  of  polycarbonate,  and  its  anticipated  performance  in  the  future.  The  goal  is  to 
provide  information  diat  can  be  used  to  either  detect  when  a  part  will  fail,  or  project  how  long  it 
can  be  relied  upon  to  perform  satisfactorily.  The  most  basic  testing  conducted  on  polymers  is  to 
measure  their  stress-strain  response  under  tension  and  flexure.  A  number  of  important  pieces  of 
information  can  be  obtained  from  the  stress-strain  response  of  a  material.  The  stress-strain  curve 
diat  is  generated  provides  a  tangent  modulus,  yield  stress,  breaking  strength,  failure  strain,  and  ^ 
work  expended  to  break  the  sample  (area  under  the  stress-strain  curve).  All  of  these  factors  are 
important  in  determining  the  performance  of  the  polymer  at  any  point  in  time  after  molding,  but 
in  particular,  the  elongation-to-break  and  area  under  the  stress-strain  are  indicators  of  brittle 
behavior.  These  characteristics  of  the  polymer  will  change  with  either  chemical  or  physical 
changes  that  occur  during  aging.  They  are  also  sensitive  to  changes  in  the  surface  of  the 
material,  where  localized  changes  can  lead  to  premature  initiation  of  failure  in  the  bulk  material. 
The  only  shortcoming  of  mechanical  testing  is  that  mechanical  changes  are  not  always  directly 
proportional  to  the  physical  or  diemlcal  changes  that  can  occur  in  a  material.  They  are  essential, 
however,  since  d^e  failure  of  the  material  will  be  in  response  to  a  stress,  wiisther  it  is  a 
mechanical  stress  imposed  on  the  material,  or  an  internal  stress  developed  by  chemical  or 
physical  changes. 

The  tensile  properties  of  a  plastic  provide  basic  information  about  its  bulk  mechanical 
behavior  to  an  applied  stress.  Flexural  tests  are  often  utilized,  in  addition  to  the  tensile  tests, 
because  they  impose  a  mors  complex  stress  on  the  sample  than  a  simple  tensile  load.  Flexural 
loading  imparts  a  tensile  stress  on  one  side  of  the  sample  and  a  compressive  stress  on  the  ether. 

In  some  instances  an  aged  materia!  may  be  more  affected  by  one  form  of  these  two  basic  stresses 
than  the  other.  By  measuring  both  tensile  and  flexural  behavior,  any  distinction  in  response  can 
be  determined.  As  an  example,  if  the  surface  is  attacked  by  chemicals  and  produces  microscopic 
etches  on  the  surface  of  the  polymer,  the  tensile  strength  may  not  be  affected  until  the  etching 
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process  has  proceeded  quite  far.  Fiexura!  failure  may  then  occur  sooner,  since  tine  etches  provide 
notches  for  the  initiation  of  failure  in  this  stress  mode. 

It  has  been  demonstrated  that  the  primary  failure  mechanism  expected  of  aged 
polycarbonate  is  brittle  failure.  While  brittle  behavior  is  exhibited  as  a  reduction  in  the 
elong.ttion-to-break  in  a  tensile  or  flexural  stress-strain  test,  brittle  failure  is  most  dramatically 
evident  in  impact  test:.  The  important  difference  between  tensile  and  flexural  stress-strain  tests 
and  impact  tests  is  that  the  rate  of  application  of  the  stress  is  much  higher  in  an  impact  test  than 
in  a  stress-strain  evaluation.  The  impact  behavior  of  plastic  changes  very  sharply  as  the  material 
under  goes  a  ductiie-to-brittle  transition  during  the  aging  process.  This  is  shown  in  Figure  6, 
which  mimics  the  anticipated  elongation-to-break  response  of  a  ductile  amorphous  polymer,  such 
as  polycarbonate.  The  tune  required  to  reach  the  ductile-brittle  transition  is  too  long  for 
reasonable  experimentation.  Fortunately,  this  duaile-to-britt!e  response  can  be  produced  by 
changes  in  the  basic  short  term  environment  of  the  plastic;  e.g.  lower  temperatures.  This  is 
shown  in  Figure  7,  where  the  hypothetical  elongation-to-break  is  plotted  against  free  volume, 
achieved  by  measuring  strain-at-break  at  progressively  lower  temperature.s.  The  ductile-brittle 
transition  occurs  at  a  critical  temperature  as  polycarbonate  is  cooled.  This  graph  identifies  the 
critical  free  volume  associated  with  the  ductile-britde  transition.  Aging  experiments,  in  which  the 
fn«  volume  is  monitored  as  a  function  of  time,  at  various  temperatures  between  room 
temperature  and  just  below  the  glass  transition  temperature,  can  now  be  generated  to  produce  die 
time-temperature  shifted  master  curve  of  free  volume  versus  time  at  room  temperature.  This 
shifted  master  curve  enables  confident  extrapolation  to  be  made  to  the  time  at  which  the  free 
volume  reaches  the  critical  value  for  the  onset  of  brittle  behavior.  Figure  8  is  an  example  of 
such  a  hypothetical  master  curve.  The  molecular  conditions  responsible  for  both  occurrences  of 
the  brittle-ductile  transition  arc  the  same,  namely  changes  in  free  volume. 


SUMMARY 

Recent  studies  of  aging  in  amorphous  polymers  have  shown  that  knowledge  of  the  firee 
volume  in  a  polymer  at  any  time-afler-manufacture  can  provide  the  necessary  information  for 
quantifying  the  “age”  of  the  polymer,  thus  providing  a  methodology  for  predicting  the  lifetime  of 
polycaitonate,  an  amorphous  polymer.  Uata  can  be  generated  to  measure  both  the  free  volume 
and  mechanical  propenies  of  test  coupons  subjected  tc  an  accelerated  aging  procedure.  That  data 
can  dien  be  correlated  to  short-term  laboratory  experiments  in  which  die  critical  free  volume  for 
die  onset  of  brittle  behavior  is  identified.  As  discussed  previously,  there  will  be  minimal  change 
in  the  tensile  moduius  and  strength  properties  of  the  candidate  plastic  materials  during  any 
reasonable  aging  period,  so  that  impact  strength  and  elongation-to-break  are  the  key  mechanical 
properties  of  interest. 

The  strain-at-break  of  even  brittle  polymers  can  be  changed  without  aging  through  various 
thermal  conditioning,  e.g.  making  the  samples  colder.  The  conditions  that  make  a  plastic  brittle 
under  these  circumstances  are  the  same  conditions  that  make  a  plastic  brittle  after  aging.  The 
reason  for  this  is  that  the  response  of  the  plastic  is  determined  by  its  diermodynamic  status, 
which  is  independent  of  its  actual  age.  Therefore,  it  Is  possible  to  study  the  conditions  in  the 
laboratory  that  wiil  make  polycarbonate  brittle,  and  measure  Its  free  volume  at  that  condition,  to 
identify  values  of  these  parameters  that  can  be  considered  critical. 
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In  the  aging  study  a  free  volume  versus  time  master  curve  can  be  generated  by  aging  the 
polymer  at  temperatures  up  to  the  glass  transition  temperature.  That  curve  can  then  be  used  to 
extrapolate  to  the  time  at  v^ich  the  critical  free  volume  is  reached  for  the  change  from  ductile-to- 
brittle  behavior,  thei’eby  providing  an  estimate  of  the  expected  life  of  the  plastic.  This  premise  is 
based  on  the  evidence  ^at  the  physical  *age*  of  polycarbonate  is  not  a  chronological  age,  but 
rather  a  thermodynamic  age. 
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Tensile  yield  stress  as  a  function  of  aging  time  at 
135  C  for  polycarbonate.  Graph  taken  from 
Reference  1  by  permission  of  John  Wiley  & 
Sons,  Inc. 
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Figure  3.  Impact  strength  as  a  function  of  aging  time  at 
135  C  for  polycarbonate.  Graph  taken  from 
Reference  1  by  permission  of  John  Wiley  & 
Sons,  Inc. 
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Figure  4.  Free  volume  concentration  (I3)  as  a  function  of 
aging  time  as  measured  by  PALS  for 
polycarbonate.  Graph  taken  from  Reference  4 
by  permission  of  John  Wiley  &  Sons,  Inc. 
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Figure  5.  Typical  P>VLS  decay  curve  showing  relevant 
parameters. 
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Figure  6. 
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Hypothetical  elongation-to-break  versus  aging 
time  curve  for  polycarbonate. 
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Figure  7. 
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Hypothetical  elongation-to-break  versus  free 
volume  curve  for  polycarbonate. 
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Figure  8.  Hypothetical  master  curve  of  free  volume  versus 
aging  time  for  polycarbonate  generated  by 
superposition  of  data  taken  at  various 
temperatures  indicated  by  different  plotting 
symbols. 
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ABS'IRACI' 

The  methodology  for  canopy  reliability  analysis  is  outlined  in 
this  paper.  It  incorporates  three  elements.  The  first  is  the 
observation  and  characterization  of  an  existing  population  of  defects 
recorded  during  the  inspection.  The  second  is  the  analysis  of  the 
stress,  strain,  temperature  fields  the  canopy  is  exposed  to  in  service. 
And  the  third  is  the  formulation  of  the  fracture  criterion. 

An  inspection  tool  and  inspection  manual  have  been  developed 
to  monitor  the  existing  crack  population  and  its  evolution.  The  stress 
and  temperature  fields  in  a  canopy  under  the  service  condition  are 
obtained  either  experimentally  or  by  numerical  simulation. 

The  search  for  an  adequate  fracture  toughness  parameter  leads 
to  recognition  of  various  failure  scenarios  depending  on  the  stress 
level,  thickness,  temperature,  rate  of  loading,  environmental 
conditions,  etc.  We  have  identified  five  basic  micromechanisms  of 
fracture  initiation  in  polycarbonate.  These  mechanisms  were 
summarized  in  the  form  of  fatigue  crack  initiation  map  for  various 
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stress  levels  and  thicknesses  of  the  polycarbonate  plate.  The 
appearance  of  each  mechanism  is  illusiraicd  on  the  map  by 
micrographs.  The  map  can  be  used  as  a  guideline  lor  optimal  design. 
An  implementation  of  the  reliability  analysis  for  the  canopies 
presently  in  service  and  the  crack  initiation  map  for  the  advanced 
design  of  the  next  generation  canopies  will  be  discus.sed. 


I .  INTRODUCTION 

Canopies  are  designed  to  sustain  high  speed  impact,  chemical 
aggression,  UV  radiation,  temperature  and  humidity  cycles,  low  and 
high  frequency  mechanical  stress,  etc.  An  unfavorable  combination  of 
the  above  factor  during’  the“service  time  lead  to-material  degradation 
and  to  a  significant  danger  of  sudden  catastrophic  failure.  At  present 
time  the  design  philosophy  does  not  include  the  lifetime  and  reliability 
factor.  In  this  paper  we  outline  a  rational  fur  a  new  design  philosophy 
as  well  as  a  simple  remedy  for  the  canopies  already  in  service. 

There  are  three  progressive  stage  of  polycarbonate  failure;  I)  damage 
nucleation  and  growth  leading  to  crack  initiation,  2)  stable  (quasi-static) 
crack  growth  and  3)  transition  to  unstable  (dynamic)  crack  propagation. 
The  third  stage  take  just  a  fraction  of  a  second.  'I'hus  the  lifetime  of  a 
component  depends  on  the  duration  of  the  first  two  stages.  Much  effort 
has  been  place  in  the  studies  of  crack  propagation.  The  summary  of  the 
conventional  approach  can  be  found  in  |l.2|.  A  relatively  new  crack 
layer  analysis  of  PC  fracture  is  reported  in  13-.^ |,  I'aligue  ctack  growth  in 
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transparency  grade  PC  is  reported  in  K).7|.  Comparing  with  the  crack 
propagation,  crack  initiation  has  not  been  paid  enough  attention. 
However,  the  prediction  of  service  lifetime  and  the  reliability 
assessment  require  the  formulation  of  an  adequate  criterion  for  crack 
initiation,  the  kinetic  equation  for  slow  crack  growth  and  the  crack 
stability  criteria. 

The  three  progressive  stage  of  polycarbonate  failure  are  presently  being 
conducted  at  the  Fracture  Research  Laboratory.  UlC.  Meanwhile,  the 
practical  recipes  are  developed  for  the  reliability  assessment  of  the 
canopies  already  placed  in  service.  As  result  of  the  visual  inspection,  the 
presence  of  the  cracks  at  the  canopy’s  perimeter  has  been  reported.  It 
means  that  some  region  of  the  canopy  have  already  passed  the  first 
stage  of  failure  process  (crack  initiation).  Therefore  the  remain  canopy's 
lifetime  prior  to  a  catastrophic  failure  is  the  major  concern.  The 
criterion  for  the  transition  from  slow  to  dynamic  crack  growth  is 
employed  as  the  rejection  criterion  for  the  canopies  in  question. 

Below,  we  report  1)  the  crack  initiation  scenarios  which  summaries  the 
canopy  failure  analysis,  2)  a  new  inspection  tool  and  inspection  manual 
for  the  canopy  field  inspection  together  with  the  rejection  criterion,  and 
3)  a  failure  crack  initiation  map  for  polycarbonate.  The  latter  may  serve 
as  a  basis  for  the  advance  design  philosophy  for  next  generation  of 
canopies. 
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II.  FRACTURE  SCENARIO.S 


The  present  study  is  based  on  the  examination  of  a  canopy  removed 
from  the  plane  and  place  in  the  Fracture  Research  Laboratory  at  UIC. 
The  sketch  of  canopy  is  shown  in  Figure  I.  All  the  crack  recorded  are 
associate  with  the  bolt  holes  along  the  canopy’s  perimeter.  There  are 
very  small  crack  (less  then  5.0  mm  length)  emitting  from  the  bolt  hole 
with  on  preferable  orientation.  I'he  N-W  crack  shown  in  Fig.  2 
exemplifies  this  type  of  cracks.  The  fate  of  this  crack  is  not  clear  at  the 
early  stage.  The  local  stress  field  and  material  degradation  determine 
the  trajectory  of  fracture  development  of  the  crack.  Figure  3  displace 
the  two  more  mature  cracks.  The  south  bound  crack  runs  to  the  edge  of 
the  canopy  and  does  not  constitute  any  dangerous,  since  the  metal 
frame  support.  The  second  N-W  crack  aims  to  center  of  the  canopy.  The 
-detail  stress  analysis  is  needed  to  estimate  the  risk- level  associated  with 
this  crack.  A  higher  risk  of  failure  is  associated  with  the  crack  connected 
two  or  more  bolt  holes,  since  they  act  as  one  long  crack.  Such  scenarios 
is  exemplified  in  Fig.4.  The  sketches  shown  in  Fig.  2.  3  and  4  result  from 
an  inspection  tool  developed  in  FRl.  (see  l'ig.5).  The  geometry  of  the 
inspection  tool  is  design  to  allow  one  to  i)bserve  and  measure  the  length 
and  orientation  of  the  cracks  along  the  canopy  perimeter  covered  by  the 
metal  frame. 

During  the  visual  inspection  an  inspector  fills  up  a  ’yes-no'  table.  There 
is  a  computer  program  which  converts  this  table  data  into  the  particular 
configuration  of  crack  distribution  in  the  canopy  in  question.  Once  the 
number  of  cracks,  their  size  and  distribution  are  known.  The  values  of 
fracture  mechanics  parameters,  such  as  Stress  Intensity  Factor  K, 
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Energy  Release  Rate  G  and  Crack  Opening  Displacement  8.  can  result 
from  stress  analysis.  Stability  conditions  for  brittle  crack  lead  to  the 
critical  value  of  ERR  or  SIF.  This  results  in  the  rejection  acceptance  of 
the  canopy  with  the  existing  pattern  of  cracks  for  the  next  mission.  The 
developments  described  above  aimed  at  inspection  and  maintenance  of 
the  canopies  in  service.  In  the  next  section,  we  discussed  the 
mechanisms  of  crack  initiation  in  PC  to  assist  in  the  design  of  the  new 
generation  of  canopies. 


III.  THE  FATKJUE  CRACK  INITIATION  MAP 

Experimental  procedure 

Polycarbonate  sample  with  molecular  weight  Mw«29,()0()  g/mole  was 
kindly  provided  by  the  Dow  Chemical  Company.  After  drying  in  a 
vacuum  oven  at  130®C  for  24  hours,  the  plaques  were  compressed  to 
smaller  thickness  under  the  following  conditions;  preheat  24()°C 
under  no  load  for  10  minutes,  under  30  tons  ram  pressure  for  20 
minutes  then  cooled  to  2(K)®C  by  air  followed  by  water  to  30®C  while 
still  maintaining  pressure.  Rectangular  specimens  80  mm  x  20  mm 
were  cut  from  the  sheets  and  a  bO”  V-notch  milled  into  the  center  of 
one  long  edge  with  notch  length  I  mm  and  notch  radius  0.01  mm. 
For  tensile  testing,  dumbbell  shaped  specimens  of  gage  length  50  mm 
X  10  mm  were  machined  from  the  3.1  mm  plaques  and  pulled  at  an 
initial  strain  rate  of  0.02%  S- 1 .  The  tensile  yield  stress.  Oy.  was 
determined  as  68  MPa. 
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The  lension-iension  Ijiiiguc  cxpcriincuis  were  coiuiucicd  on  a 
servohydraulic  Instron  Testing  System  at  room  temperature. 
Sinusoidal  waveform  loading  with  freiiucncy  1.0  11/  was  used  for 
fatigue  testing.  The  range  of  stress  levels  was  )  0.35  •  0.75 

and  minimum  to  maximum  stress  ratio.  K  (Omiii/Oinax )  ^ 

For  evaluation  of  the  number  of  cycles  to  crack  initiation,  Nj,  under 
the  various  eonditions,  the  crack  is  considered  to  have  initiated  when 
it  reached  0.2  mm  from  the  ni.  !i  on  tlie  specimen  surface.  This 
convention  was  adapted  for  ease  of  detection  of  the  crack  and  hence 
consistency  of  measurement  with  du|dicate  specimens. 

Results  and  di.scus.siun 


Figure  6  shows  the  typical  crack  surrr)unded  by  a  process  zone.  Such 
a  system  is  refer  to  as  Crack  Layer  (CL)  13-51.  When  the  extensive 
process  zone  exists  in  the  fracture,  it  is  called  cooperative  fracture.  In 
polycarbonate,  the  process  /.one  may  consist  of  shear  bands  (ductile 
micro-mechanism),  craze  or  micro  cracks  (brittle  micro-mechanism). 
From  these  appearance  of  process  zone,  we  can  identify  three  basic 
crack  initiation  mechanisms  and  two  mixed  ones. 

A  typical  example  of  roo/x* /•(///»*<•  {liivtilv  Is  seen  in  l•igu^e  6.  The 
cooperative  ductile  mechanism  is  st)  named  because  the  process  zone 
associated  with  crack  initiation  consists  of  yielded  material  as 
reflected  by  a  large  thinning  ratio  and  hence  ix’presentative  of 
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significant  cooperative  ductile  processes.  This  mechanism  appears 
analogous  to  necking  behavior  in  polycarbonate  |X.y|. 

Figure  7  shows  a  typical  fracture  surface  in  the  vicinity  of  the  notch. 
The  process  zone  apparently  consists  of  a  large  number  t»f  micro- 
cracks  or  crazes  and  so  we  call  the  mechanism  of  initiation 
cooperative  brittle.  At  this  scale  of  magnification  we  were  unable  to 
determine  whether  these  niicro  features  were  actually  crazes  as 
suggested  by  |81  or  cracks,  as  described  by  |I01.  In  our  studies  the 
main  crack  did  not  initiated  in  the  mid-plane  of  the  process  zone,  hut 
followed  a  tortuous  path  through  the  process  /one.  The  rough 
appearance  of  the  fracture  surface  seen  in  ^■igule  b  clearly  indicates 
the  main  crack  initiated  through  a  cloud  of  micro-cracks  or  crazes. 

Figure  8  illustrates  an  example  of  a  mechanism  we  have  named  .vo/o- 
crack  brittle  .  Solo-crack  brittle  is  a  well-known  failure  mechanism 
of  cross-linked  polymers  such  as  epoxies  1 11.121  with  very  little 
thinning.  The  process  zone  is  extremely  small  and  observable  only  at 
the  corners  of  the  notch  tip.  As  the  name  suggests,  only  solo  crack 
(no  process  zone)  is  initiated  and  propagates  immediately  within  one 
cycle  to  ultimate  failure.  Consei|uently.  the  surface  is  seen  to  be 
"mirror-like". 

Under  certain  intermediate  conditions,  some  of  the  mechanisms 
described  above  are  in  competition  with  each  other.  For  example,  in 
Figure  9,  the  outer  fracture  surfaces  of  the  specimen  priKess  the 
characteristics  of  the  cooperative  ductile  fracture  whereas  in  the  core 
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of  thO  specimen  a  flat  planar  surface,  reflects  the  solo-crack  brittle 
fracture. 

The  above  observations  of  the  various  crack  initiation  scenarios  are 
summarized  in  the  form  of  a  map  shown  in  Figure  10.  On  the  map. 
five  different  crack  initiation  mechanisms  are  classified  by  various 
applied  stress  and  specimen  thickness.  'I’he  orders  of  values  of  Nj  arc 
also  shown  in  the  plot. 


For  PC  lifetime  analysis,  it  is  useful  to  see  the  relationships  between 
stress-level  and  the  thickness  of  the  sheet  which  determines  the 
failure  mechanism  and  the  time  to  initiation.  In  Figure  1 1  is  plotted 
the  normalized  applied  stress  versus  log(Ni)  for  the  various 
thicknesses  denoted,  where  Ni  is  the  number  of  fatigue  cycles  to 
initiate  the  0.2  mm  surface  crack.  Ihe  solid  lines  represent  the 
connection  of  experimental  data  with  the  same  failure  initiation 
mechanism.  The  dashed  lines  represent  the  extension  of  a  single 
mechanism  and  the  dotted  lines  a  transition  in  mechanism.  From  a 
general  perspective,  the  values  of  Nj  decrease  with  increase  in 
thickness  and  increasing  stress  levels.  However,  with  thickness 
greater  than  1.2  mm.  the  number  of  cycles  to  initiate  a  crack  will 
increa.se  with  decreasing  applied  stress.  For  eeriain  stress  level,  the 
transition  in  initiation  meehanisins  from  cooperative  ductile  to  solo- 
crack  brittle  is  very  sudden  with  increasing  thickness  whereas 
transition  from  cooperative  ductile  to  cooperative  brittle  is  less  well 
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defined.  This  latter  phenomenon  is  similar  to  that  observed  in 
fracture  toughness  evaluation  of  polycarbonate  11.1.14|. 

iV.  CONCLUSIONS 

1.  The  fracture  scenarios  of  canopies  are  characterized  and  result  a 
new  developed  inspection  tool  for  field  inspection.  Those  works  lead 
to  the  rejection  criterion  of  the  canopy  with  the  existing  pattern  of 
crack  for  next  mission. 

2.  Novel  fatigue  crack  initiation  mechanisms  maps  are  under 
development  for  polycarbonate.  An  illustrative  example  with 
polycarbonate  is  given  where  the  effects  of  thickness  (()..*>  -  4  mm), 
and  applied  tensile  loading  at  frequency  I  11/  on  single-edge  notched 
specimens  are  examined. 

3.  The  number  of  fatigue  cycles  to  initiate  a  crack  were  found 
strongly  dependent  on  the  micro-mechanism  of  deformation  which 
occurs  at  the  notch  tip  prior  to  crack  formation  and  hence  not  to  be  a 
simple  function  of  the  applied  stress. 
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Figure  1  Sketch  of  the  canopy  without  installed  metal  frame. 


EDQE  OF  CANOPY 


Figure  2  Scenario  1. 


EDQE  OF  CANOPY 

Figure  3  Scenario  2. 
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EDGE  OF  CANOPY 


Figure  4  Scenario  3. 


Figure  5  The  inspection  tool  for  the  canopy  with  installed  frame. 
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Cooperative  ductile  fatigue  failure  initiation  in  PC 
Omax/Ov  *  0.75.  thickness  0.5  mm. 


Cooperative  brittle  fatigue  failure  initiation 
Omax/^Jy  =  0.45,  thickness  0.5  mm. 
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Figure  8  Solo-crack  brittle  fatigue  failure  initiation  in  PC. 
Omax/Oy  *  0.45.  thickness  1.2  mm. 


Figure  9  Mixed  cooperative  brittle  and  solo  crack  fatigue  failure 
initiation  in  PC.  Omax/Oy  =  0.45,  thickness  1.4  mm. 
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Figure  10  A  fatigue  crack  initiation  mechanism  map  for  PC,  Mw 

29,000  g/mole.  The  orders  of  values  of  Ni  are  shown  in 

the  plot. 


4.t.3  to  0.7.0.S  I  oonmcllM  ol  ciiiaftoMniai  daa 
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Omax/Oy  versus  log(Ni)  for  the  various  thicknesses. 
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ABSTRACT 

Chemical  crazing  is  directly  responsible  for  many  aircraft  transparency  removals. 
Laborat(»y  chemical  stress  craze  testing  can  be  used  to  evaluate  the  effects  of  different  chemicals 
on  aircraft  transparencies.  Most  craze  testing  to  date  has  been  uniaxial,  while  the  stress  state  in  an 
installed  aircraft  transparency  is  biaxial.  The  uniaxial  craze  test  is  easier  to  conduct  and  requires 
less  and  more  simple  flxturing  than  the  biaxial  craze  test  It  is  desirable  to  be  able  to  use  uniaxial 
data  to  predict  the  effects  of  a  biaxial  stress  field  on  crazing.  The  focus  of  this  effort  was  to 
develop  an  empirical  time-to^raze  criteria  for  cast  acrylic  applicable  for  both  uniaxial  and  biaxial 
states  of  stress.  Uniaxial  tests  were  conducted  using  tensile  specimens  with  isopropyl  alcohol  to 
determine  the  effect  of  creep  and  stress  relaxation  on  time-to-craze.  Results  indicated  no  time-to* 
craze  dependence  on  creep,  but  increasing  time>to-craze  as  stress  relaxed.  Uniaxial  cantilevered 
beam  tests  and  biaxial  craze  tests  (with  a  pressurized  acrylic  disk)  were  then  conducted  to 
determine  time-to<craze  as  a  function  of  stress.  Results  plotted  in  stress  space  (tension-tension 
quadrant  only,  due  to  the  stress  distribution  in  a  pressurized  disk)  show  that  critical  stress,  for  a 
given  time-to-craze,  can  be  represented  by  an  inclined  ellipse.  The  axes  of  the  ellipse  are  smaller 
for  longer  craze  time,  larger  for  shorter  craze  times.  The  elliptical  criteria  do  not  agree  with  other, 
criteria  suggested  in  the  literature. 

•Performed  under  Contract  F33615-84-C-3404  for  the  Flight  Dynamics  Directorate, 
Wright  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio. 
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ABSTRACT:  Chemical  crazing  is  directly  responsible  for  many  aircraft  transparency  removals. 
LsrironMory  chemical  stress  craze  testing  can  be  used  to  evaluate  the  effects  of  different  chemicals  on  aircraft 
transparencies.  Mo^  craze  testing  to  date  has  been  uniaxial,  while  the  stress  state  in  on  installed  aircraft 
transparency  is  biaxial.  The  uniaxial  craze  test  is  easier  to  conduct  and  requites  less  and  more  simple  flxturing 
than  the  biaxial  craze  test  It  is  desirable  to  be  able  to  use  uniaxial  data  to  predict  the  effects  of  a  biaxial  stress  field 
on  crazing.  The  focus  of  this  effort  was  to  develop  an  empirical  time-to-craze  criteria  for  cast  acrylic  applicable  for 
both  uniaxial  and  biaxial  states  of  stress.  Uniaxial  tests  were  conducted  using  tensile  specimens  with  isopropyl 
alcohol  to  decetmine  the  effect  of  creep  and  stress  relaxation  on  thne-to-craze.  Results  indicated  no  time-to-craze 
dependence  on  creep,  but  increasing  time-uxraze  as  stress  relaxed.  Uniaxial  cantilevered  beam  tests  and  biaxial 
craze  tests  (with  a  pressurized  acrylic  disk)  were  then  conducted  to  determine  time-to-craze  as  a  function  of  stress. 
Results  plotted  in  stress  space  (tension-tension  quadrant  only,  due  to  the  stress  distribution  in  a  pressurized  disk) 
show  that  critical  stress,  for  a  given  time-to-craze,  can  be  represented  by  an  inclined  ellipse.  The  axes  of  the 
ellipse  are  smaller  for  longer  craze  time,  larger  for  shorter  craze  times.  The  elliptical  criteria  do  not  agree  with 
olhCT  criteria  suggested  in  the  literature. 


INTRODUCTION 

Background 

The  US  Air  Force  has  been  and  continues  to  be  concerned  with  aircraft  transparency  life- 
cycle  costs  and  overall  durability.  As  part  of  this  concern,  the  Air  Force  has  funded  programs  to 
s^y  transparency  materials,  evaluate  transparency  durability,  and  develop  durability  test 
methods.  Acrylic  plastics  are  frequently  used  for  aircraft  transparencies.  Acrylic  is  subject  to  a 
phenomenon  known  as  crazing.  Qazes  appear  to  be  small  cracks  in  the  surface  of  the  material, 
although  they  are  not  Crazing  is  a  form  of  yielding  in  polymers  characterized  by  a  spongy  void 
filled  fibrillar  structure.  The  density  of  the  material  in  the  craze  changes,  causing  a  change  in  the 
index  of  refiaction,  which  causes  light  to  be  reflected  off  of  the  crazes.  Crazing  occurs  when 
tensile  stresses  are  present,  and  is  accelerated  under  the  presence  of  certain  chemicals  and  when 
tenqierature  is  increased.  Crazing  generally  occurs  perpendicular  to  the  direction  of  the  largest 
principle  tensile  stress  (1].  The  significance  of  crazing  of  acrylic  is  that  it  degrades  transparency 
optics  and  often  is  the  cause  for  transparency  removal  and  replacemenL 

The  current  method  of  evaluating  transparency  chemical  craze  resistance,  is  the  uniaxial 
cantilever  beam  craze  test  (reference  ASTM  F  484).  This  test  method  has  been  used  almost 
exclusively  in  the  transparency  industry.  The  advantages  of  the  cantilever  beam  craze  test  are  that 
it  is  simple,  it  requires  minimal  equipment,  and  it  is  relatively  inexpensive.  The  disadvantage  of 
the  cantilever  beam  craze  test  is  that  it  does  not  simulate  real  world  stress  conditions.  Aircraft 


•Performed  under  C!ontract  F33615-84-C-3404  for  the  Flight  Dynamics  Directorate,  Wright 
Laboratory,  Wright-Patterson  Air  Force  Ba.se,  Ohio. 
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transpurencies  are  typically  under  a  biaxial  state  of  stress. 

This  paper  is  divided  into  two  parts.  The  first  Part  deals  with  a  set  of  uniaxial  craze  tests, 
conducted  to  deterine  whether  craze  is  a  stress  or  strain  driven  phenomenon.  Part  II  details  a  set 
of  biaxial  and  uniaxial  craze  tests  am  to  evaluate  chemical  craze  initiation  criteria,  and  to  evaluate 
the  use  of  uniaxial  craze  tests  to  assess  resistance  of  transparencies  to  craze. 

Objective 

The  objective  of  Part  I  was  to  establish  a  basis  for  a  craze  initiation  criteria  in  acrylic  by 
determining  whether  craze  is  a  stress  or  a  strain  dependent  phenomenon.  The  objective  of  Part  II 
was  to  investigate  the  relationship  between  uniaxial  and  biaxial  chemical  stress  crazing  of  cast 
acrylic,  and  to  develop  a  better  understanding  of  the  crazing  phenomenon.  The  development  of  a 
relationship  between  uniaxial  and  biaxial  crazing  would  validate  the  use  of  the  inexpensive 
uniaxial  chemical  craze  testing  to  evaluate  the  effects  of  various  chemicals  on  aircraft 
transparencies. 


Part  I:  Effect  of  Creep  and  Stress  Relaxation  on  Crazing 

Developing  craze  criteria  in  order  to  enhance  aircraft  transparency  durability  requires  a 
fundamental  understanding  of  the  craze  phenomena.  The  abundant  literature  which  describes 
crazing  agree  that  specific  factors,  such  as  temperature  and  solubility  of  the  craze  agent,  influence 
crazing.  Virtually  all  previous  work  also  recognizes  the  effect  of  internal  and  external  forces  on 
craze  [1].  However,  past  research  on  this  effect  is  not  consistent:  some  refer  to  the  stress  in  the 
material,  while  others  refer  to  the  strain  [2,3].  For  a  purely  elastic  material,  die  terminology  is 
interchangeable,  since  the  two  quantities  are  related  by  a  constant  For  a  material  such  as  aircraft 
transparencies  at  service  temperatures,  the  terms  "stress"  and  "strain"  cannot  be  interchanged 
because  of  the  material's  time  dependent  properties.  This  inconsistency  represents  a  void  in  the 
basic  understanding  of  craze.  It  inhibits  development  of  a  craze  initiation  criteria,  since  the  basis 
for  the  criteria  must  flrst  be  established. 

Part  I  Testing 

To  evaluate  craze  dependence  on  stress  and  strain  as  independent  quantities,  one  quantity 
was  held  constant,  while  the  other  changed  with  time.  A  material  held  under  constant  stress  will 
experience  an  increase  in  strain  (creep),  while  a  material  held  under  a  constant  displacement  will 
experience  a  decrease  in  stress  (stress  relaxation).  Decreases  in  time-to-craze  for  material  under 
constant  stress  would  indicate  a  strain  dependence  of  craze,  since  the  strain  increases  with  time. 
Increases  in  time-to-craze  for  material  held  to  a  constant  displacement  would  indicate  a  stress 
dependence,  since  the  stress  decreases  over  time. 

For  the  purposes  of  this  discussion,  the  term  "creep"  specifically  refers  to  the  increase  in 
strain  experien^  by  a  viscoelastic  material  under  a  constant  stress.  Creep  is  not  the  same  as 
"stress  relaxation,"  which  refers  specifically  to  a  decrease  in  stress  experienced  by  a  viscoelastic 
material  under  constant  strain. 
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Part  I  Test  Specimens 


Hgure  1.  shows  dimensions  for  the  dogbone  specimens  used  in  this  study.  Samples  were 
machined  from  3/16"  Polycast  acrylic  "Poly  84."  This  material  conforms  to  MIL-P-8184  and 
possesses  low  moisture  absorbing  properties.  Butyl  rubber  applied  to  the  test  surface  prevented 
the  crazing  solution  from  penetrating  the  edge  of  the  sample  and  producing  invalid  edge  initiated 
crazes.  It  also  defined  the  test  area  for  each  craze  test  Sanding  of  all  specimen  edges  prior  to 
testing  also  helped  to  prevent  edge  initiated  crazing.  Strain  gages  installed  at  the  underside  center 
of  each  specimen  provided  strain  data  during  the  test. 

Part  I  Test  Plan 

Twenty  tests  were  run  under  constant  load,  while  five  tests  were  run  under  constant  strain. 
Table  1  gives  the  test  matrix  for  the  constant  load  tests.  Table  2  shows  the  constant  displacement 
test  matrix.  Creep  data  obtained  by  Bouchard  [41  for  laminated  transparency  material  with  acrylic 
surface  plies  formed  the  basis  for  stress  level  selection.  These  levels  were  also  chosen  to  provide 
enough  variation  to  make  the  creep  effect  on  craze  evident. 

The  length  of  each  sample  permitted  4  craze  tests  to  be  conducted  on  each  sample.  Each 
craze  test  was  conducted  after  the  sample  had  been  allowed  to  creep  for  a  specified  length  of 
time,  as  shown  in  Tables  1  and  2.  Based  on  test  results  as  the  program  progressed,  some  samples 
were  allowed  to  creep  for  longer  periods  of  time. 

Based  on  information  available  in  the  literature  [5],  conversations  with  other  workers  in 
the  field  [6],  and  past  craze  testing  at  UDRI,  the  results  were  expected  to  show  a  craze 
dependence  on  strain.  The  high  number  of  constant  load  tests  reflects  this  expectation.  The 
anticipated  result  of  the  constant  displacement  tests  was  simply  verification  of  the  strain 
dependence  through  no  change  in  time-tcxraze.  Consequently,  fewer  constant  displacement  tests 
were  conducted. 

Part  I  Test  Fixture  and  Hardware 

Figure  2a  displays  the  creep  fixture  employed  to  conduct  the  constant  load  tests.  A  lever 
arm,  wire  rope,  and  ^ad  weight  assembly  applied  the  load  to  the  specimens,  which  were  rigidly 
fixed  at  the  opposite  end.  The  lever  arm  provided  an  8x  increase  in  the  load  applied  to  the 
specimen,  thereby  reducing  the  amount  of  dead  weight  required  to  run  the  test  Nylon  blocks 
inserted  between  specimens  prevented  the  samples  from  rotating  as  the  load  was  applied. 

Figure  2b  shows  the  fixture  used  for  the  constant  displacement  tests.  Samples  were 
loaded  between  rigid  aluminum  plates  by  loading  bolts.  A  full-bridge  strain  gage  array  installed 
on  each  load  bolt  provided  load  data  during  these  tests.  The  gages  were  calibrated  by  the  UDRI 
Structural  Test  Lab  with  standards  traceable  to  NITS.  The  gages  installed  on  the  specimens 
monitored  strain  to  ensure  that  load  reduction  during  the  test  was  not  due  to  slip  in  the  fixture. 

A  Measurements  Group,  Inc.,  P3500  Strain  Ind’cator  and  SB  10  Switch  and  Balance  Unit 
provided  measurement  capabilities  for  both  the  specimen  gages  and  the  load  bolt  gages.  Strain 


gaged  Polycast  acrylic  plates  served  as  temperature  compensation  in  the  bridge  circuitry  for  the 
specimens. 

Part  I  Test  Procedure 


Ail  tests  were  conducted  at  70°  F  and  50%  RH.  Constant  load  and  displacement  tests 
were  monitored  for  creep  and  stress  relaxation,  respectively,  for  ten  minutes  after  the  load  or 
displacement  was  first  applied.  Strain  (constant  load  test)  and  stress  (constant  displacement)  were 
then  monitored  every  4^72  hours  thereafter  until  the  final  craze  test  was  conducted. 

Craze  tests  were  conducted  roughly  at  the  intervals  shown  in  Tables  1  and  2.  Isopropyl 
alcohol  (99%  by  volume)  was  applied  to  the  test  area  and  reapplied  when  necessary  to  prevent 
evaporation  from  drying  out  the  surface.  Time-to-craze  was  defined  as  the  time  when  crazing 
was  fint  apparent  by  visual  inspection.  A  Precision  Instruments  Co.  timer,  accurate  to  0.1 
seconds,  piovided  accurate  indication  of  the  time  for  the  craze  to  appear. 

Each  craze  test  was  terminated  when  one  of  the  following  conditions  occurred:  (a)  the 
first  sign  of  crazing  appeared  in  the  test  area;  (b)  edge  craze  (due  to  seeping  under  the  butyl 
rubber)  threatened  to  cause  specimen  failure;  (c)  a  significant  amount  of  tinrie  (generally  10,000 
seconds)  elapsed  with  no  crazing  apparent  The  alcohol  and  butyl  rubber  were  removal  from  the 
specimen  and  the  time-to-craze  (if  any)  noted.  The  strain  (or  load)  of  the  specimen  being  craze 
tested  was  also  recorded  immediately  after  each  craze  test 

Part  I  Results  and  Discussion 


Eigures  1  shows  creep  data  plotted  for  one  sample  from  each  group  of  stress  levels  tested 
in  the  constant  load  tests.  Figure  4  shows  stress  relaxation  for  sample  1,2,  and  3  of  the  constant 
displacement  tests.  In  general.  Figure  3  shows  creep  ranging  from  70%  to  90%  over  the  duration 
of  the  test  Figure  4  shows  stress  relaxation  of  45%  to  48%.  The  definition  of  percent  creep  is 
given  by 


%cteepa  100 


(1) 


in  which  £f  is  strain  at  any  time  and  Cj  is  the  inidal  suuin.  Percent  rtiaxadon  is  defined  in  a  similar 
manner 


%  relaxadon  «  1(X) 


(2) 


The  creep  and  relaxation  appear  to  be  quite  considerable  and  represent  significant  changes  in  the 
strain  or  stress  in  the  material  over  time. 


Figures  5  shows  Ume-to-craze  data  for  the  constant  load  tests.  The  graph  categorizes  the 
data  parametrically  into  groups  with  the  same  nominal  stress.  Variadons  of  the  actual  stress  from 
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the  nominal  averaged  95  psi  for  all  specimens.  The  scatter  in  Figure  5  is  typical  of  crazing  data 
and  is  a  function  of  several  factors,  including  variations  in  surface  roughness  and  flaw  size  across 
the  surface  of  the  sample,  and  variations  in  test  area.  The  data  suggests  that  creep  does  not 
influence  crazing  to  a  significant  degree,  as  the  time-to-craze  is  relatively  constant  over  time, 
while  significant  creep  has  occurred.  The  slight  decrease  in  time-to-craze  for  some  groups  may 
suggest  a  weak  dependence  on  stress,  but  the  small  number  of  tests  and  wide  scatter  prevent  more 
detailed  analysis  of  this  trend. 

Figure  6  displays  time-to-craze  data  for  the  constant  displacement  tests.  Results  from  all 
five  samples  are  plotted  independently.  The  initial  strain  in  these  samples  represents  a  stress  of 
approximately  2000  psi.  The  data  show  an  increase  in  time-to-craze  as  the  time  under  a  constant 
(hsplacement  increases.  Althuugii  the  low  number  of  samples  may  suggest  this  trend  was  simply 
due  to  the  natural  dispersion  seen  in  craze  data,  the  increase  is  much  larger  than  the  widest  scatter 
band  in  the  constant  load  data.  The  increase  in  time-to-craze  was  attributed  to  the  relaxation  of 
stress. 


In  both  iMgures  5  and  6,  several  of  the  data  points  indicate  that  tests  were  stopped  before 
crazing  initiated.  These  points  were  plotted  to  indicate  that  the  lack  of  crazing  in  these  tests 
supports  the  observed  trends.  In  particular,  several  of  the  later  tests  in  the  1500  psi  stress  group 
did  not  craze  even  after  14,000  seconds. 

In  comparing  the  creep  curves  and  time-to-craze  curves  (Figures  3  and  5) ,  it  appears  that 
the  greatest  percentage  of  creep  occurred  within  the  first  200  hours  under  load.  While  a 
substantial  number  of  data  points  exists  prior  to  200  hours,  the  majority  represent  tests  conducted 
after  200  hours  of  creep.  Future  programs  should  consider  conducting  more  tests  sooner,  or 
allowing  the  specimens  to  creep  for  a  substantially  longer  periods  of  time.  Stress  relaxation  data  ; 
(Figures  6)  past  800  hours  were  not  available  due  to  instrumentation  problems,  so  a 
determination  of  percent  relaxation  past  800  hours  is  not  possible.  However,  it  does  appear  that 
craze  times  continue  to  rise  as  time  under  displacement  increases,  despite  apparent  reduction  in 
the  rate  of  stress  relaxation.  The  small  number  of  data  points  prevents  the  formulation  of  a  more 
specific  relationship  between  time-to-craze  and  stress. 

Part  I  Conclusions 

The  craze  tests  conducted  during  this  program  suggest  that  criteria  for  craze  initiation  in 
acrylic  should  be  based  on  the  stress  in  the  material.  However,  a  statistically  small  number  of 
tests  were  conducted,  preventing  more  detailed  evaluation  of  the  relationships  between  time-to- 
craze  and  stress. 

The  general  conclusion  has  several  implications  for  loading  mechanisms  in  aircraft 
transparencies  that  are  considered  craze  inducing.  Constant  displacement  states,  such  as  installing 
a  canopy  or  windshield  into  an  aircraft,  may  not  be  primarily  responsible  for  craze  since  the  stress 
associated  with  installation  presumably  relaxes  over  time.  Residual  stresses  due  to  manufacturing 
may  also  relax  over  time  and  therefore  become  less  significant  to  crazing.  Crew  nrKxlule 
pressurization  may  increase  craze  susceptibility  in  a  transparency  if  the  induced  stress  is  high 


enough,  but  the  resulting  creep  will  have  no  effect 

The  result  also  has  several  inr>plication  for  the  criteria  itself.  A  stress  formulation  implies 
that  craze  is  a  function  of  the  strain  enurgy  in  the  material.  As  the  stress  relaxes,  the  strain  energy 
is  dissipated  by  viscous  flow  at  the  molecular  level.  Extending  an  energy  based  criteria  to  biaxial 
stress  implies  a  tension/compression  field  is  more  susceptible  to  craze  than  a  tension/tension  field. 
It  also  implies  that  maximum  principal  stress  may  not  be  a  good  criterion  for  predicting  craze 
initiation,  since  the  presence  of  a  second  stress  field  alters  strain  energy  in  the  material.  A 
tension/con^ression  stress  state  produces  more  strain  energy  than  a  uniaxial  tension  state,  and 
therefore  may  increase  craze  susceptibility. 

A  chemical  craze  test  has  been  developed  to  evaluate  the  effect  of  biaxial  stresses  on 
crazing,  using  a  circular  plate  with  clamped  edges  and  a  uniform  pressure  load.  While  this  biaxial 
craze  specimen  is  more  simple  to  fabricate,  test,  and  analyze  than  those  used  by  otiier  researchers 
to  study  biaxial  crazing,  the  test  is  more  complicated  and  nnore  time  consuming  than  the  uniaxial 
craze  test  and  requires  special  fixturing. 


PART  n;  BIAXIAL  TESTING  AND  CRAZE  INITIATION  CRFFERIA 

This  Part  of  the  program  consisted  of  craze  initiation  theory  development  and 
craze  testing.  A  series  of  uniaxial  and  biaxial  craze  tests  was  conducted  at  various  stress  levels  in 
conjunction  with  isopropyl  alcohol.  Isopropyl  alcohol  was  the  chosen  chemical  craze  agent 
because  it  is  a  representative  chemical  which  is  often  used  for  cleaning  of  aircraft  transparencies. 
The  results  of  this  testing  were  analyzed  to  develop  craze  initiation  criteria  which  apply  to  uniaxial 
and  biaxial  crazing.  This  effort  has  also  been  published  as  Reference  ?.  _ _  _  _ 

Theoretical  Development  of  Craze  Initiation 

Craze  initiation  criterion  are  analogous  to  stress  yielding  criterion.  Stress  yielding 
criterion  describe  the  necessary  conditions  (state  of  stress/strain)  for  yielding  to  occur.  Stress 
yielding  criterion  which  may  apply  to  chemical  stress  crazing  include;  maximum  principal  stress, 
maximum  principal  strain,  maximum  shear  stress  (Tiesca),  distortional  energy  (von  Mises),  strab 
energy,  and  combinations  of  these,  deviatoric  stresses,  and/or  flow  stresses.  These  yielding 
criterion  were  considered  as  a  starting  point  for  the  development  of  chemical  stress  crazing 
criterion. 

While  there  is  extensive  infonnation  in  the  liteniiure  concerning  stress  yielding  criterion 
(although  most  of  it  has  not  been  applied  specifically  to  polymers),  there  is  limited  information 
available  in  the  literature  concerning  chemical  stress  crazing  of  polymers.  The  majority  of  die 
research  which  has  been  conducted  has  been  concerned  only  with  stress  crazing,  not  chemical 
stress  crazing.  Two  basic  craze  initiation  criteria  have  been  proposed.  Stemstein  and  Ongchin  [8] 
proposed  a  critical  stress  bios  criterion  for  surface  stress  crazing  of  polymethylmethacrylate 
(FMMA,  acrylic)  as  follows: 


ai-02^ 


A 


(3) 


(ai+az) 

where  Oj  and  02  are  the  principle  biaxial  stresses,  and  A  and  B  are  functions  of  time  and 
temperature.  The  difference  between  0|  and  02  represents  a  stress  bias  or  flow  stress  (this  is 
equal  to  twice  the  maximum  shear  stress),  and  the  quantity  of  0|  +  O2  represents  twice  the  first 
stress  invariant  cr  the  mean  stress.  This  criterion,  along  with  the  von  Mises  criterion  for  yielding 
(which  has  been  shown  by  the  same  authors  to  be  fairly  representative  of  yielding  behavior  for 
acrylic)  is  plotted  in  biaxial  stress  space  in  Figure  7.  Stemstein  and  Ongchin  based  their 
conclusions  on  cylindrical  specimens  under  tension  with  internal  pressure,  and  on  combined 
tension/torsion  tests,  all  at  elevated  temperatures  (50®,  60®,  and  70®Q. 

A  second  similar  criterion,  based  on  critical  strain,  has  been  developed  by  Oxborough  and 
Bowden  [S]  for  polystyrene,  as  follows: 

The  only  difference  between  this  and  the  previous  criterion  is  that  the  left  side  of  the 
equation  represents  the  maximum  strain  in  this  case,  where  is  Poisson's  ratio.  Oxborough  and 
Bowden  based  their  conclusions  on  combined  tensile  and  compressive  tests,  at  room  temperature, 
conducted  on  rectangular  annealed  polystytene  specimens  with  a  hole  in  the  center.  This  criterion 
plotted  in  stress  space  is  similar  to  Figure  7. 

Uniaxial  Chemical  Craze  Testing  _ 

Uniaxial  chemical  stress  craze  testing  was  conducted  using  ASTM  F484>83  as  a  guideline. 
The  craze  beam  specimens  were  1  inch  x  7  inch  x  1/8  inch  thickness.  Polycast  Mii-P*8IS4  Type 
n  (low  moisture  uptake)  cast  acrylic  from  the  same  lot  was  used  for  all  testing.  The  craze  tests 
were  conducted  at  75  i:  10®F.  The  cantilever  craze  beams  were  loaded  to  produce  a  maximum 
stress  at  the  fulcrum  of  2000, 3000  and  4000  psi.  The  underside  or  the  b^ms  were  marked  at 
0.25  inch  intervals.  After  the  load  was  applied,  the  beams  were  allowed  to  stabilize  for  ten 
minutes  before  the  test  chemical  was  applied  to  the  beam  surface.  The  edges  of  the  beams  were 
protected  with  a  butyl  rubber  sealant  to  prevent  the  chemical  from  coming  in  contact  with  the 
machined  or  cut  edges  and  causing  premature  crazing.  Isopropyl  alcohol  (99%  pure)  was  applied 
to  the  top  surface  of  the  beams  as  required  to  maintain  a  wetted  condition.  Time  to  craze 
initiation  and  location  (corresponding  to  a  discrete  stress  level)  were  recorded  during  the  rests. 
The  uniaxial  chemical  craze  test  setup  is  shown  in  Figure  8. 

Notice  diat  using  craze  beams  in  uniaxial  testing  is  fundamentally  different  than  using 
tensile  ban,  as  in  Part  I.  The  craze  beams  have  a  stress  gradient  across  the  surface,  while  the 
tensile  ban  have  a  constant  stress.  The  area  available  to  craze  at  any  given  stress  level  is 
infinitesimal  for  the  craze  beams,  while  the  area  is  finite  for  tensile  ban.  (3ne  would  expect 
different  craze  times  for  these  types  of  specimens  due  to  the  area  effect,  even  if  material  and  craze 
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chemical  are  identical. 


The  results  of  the  uniaxial  craze  tests  are  summarized  in  Figure  9.  The  uniaxial  craze 
results  plotted  in  Figure  9  indicate  that  there  is  a  linear  relationship  between  the  log  of  time  to 
initiation  of  craze  and  applied  stress. 


Biaxial  Chemical  Craze  Testing 


The  biaxial  craze  tests  were  conducted  using  the  general  guidelines  of  ASTM  FI  164-88. 
The  biaxial  craze  specimens  were  8.5*inch  diameter,  3/16-inch  thick  plate  specimens.  Polycast 
Mil-P-8184  Type  II  (low  moisture  uptake)  cast  acrylic  from  the  same  lot  was  again  used  for  all 
testing.  The  test  fixturing  included  a  pressure  cell,  a  precision  pressure  regulator,  and  a  pressure 
test  gauge  with  accuracy  of  0.075  psi.  The  test  setup  is  shown  in  Figure  10.  The  pressure  in  the 
test  cell  was  used  to  induce  equal  principal  biaxial  stresses  of  2000, 3000,  and  4000  psi  at  the 
center  of  the  plates.  Concentric  rings  were  drawn  on  the  underside  of  the  plate  to  facilitate 
location  of  die  crazes.  The  components  of  the  principal  stresses  (the  radial  and  tangential 
stresses)  were  determined  from: 


17 


a,  a 


3p/?^ 

17 


-(l+li)+(3+n)-^ 


-(l+^l)+(l+3^)•^ 


(5) 

(6) 


where: 

OTfS  radial  stress  (psi)  0|)b  tangential  stress  (psi) 

R  a  plate  radius  (inches)  t »  plate  thickness 

(inches) 

a  Poisson's  ratio  p  >  pressure  (psi) 

r  a  radial  dimension  from  center  to  point  of  interest  (inches) 


Figure  1 1  is  a  plot  of  the  radial  and  tangential  components  of  the  stress  in  the  biaxial  plate 
specimen.  After  the  pressure  load  was  applied  to  the  plate,  the  plates  were  allowed  to  stabilize 
for  ten  minutes  before  the  test  chemical  was  applied.  Isopropyl  alcohol  (99%  pure)  was  applied 
to  the  top  surface  of  the  plates  as  required  to  maintain  a  wetted  condition.  Time  to  enze 
initiation  and  location  (corresponding  to  a  discrete  stress  condition)  were  recorded  during  the 
tests. 


The  biaxial  and  uniaxial  test  data  is  presented  in  Figure  12.  A  typical  tested  biaxial 


\ 
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specimen  is  shown  in  Figure  13.  It  is  believed  that  the  spread  in  the  data  is  due,  in  part,  to  the  fact 
that  each  plot  does  not  represent  a  discreet  instant  in  time,  but  represents  a  time  interval. 

All  of  the  types  of  yield  initiation  criterion  listed  above  evaluated.  None  of  these  criterion 
fit  the  data  in  the  forms  that  they  have  been  used  to  describe  yielding.  The  elliptical  shape  of  the 
von  Miscs  and  strain  energy  criterion  showed  promise,  but  did  not  fit  the  uniaxial  and  biaxial  data 
generated  by  test 

Equations  3  and  4  which  are  semi-empirical,  were  also  evaluated.  Because  of  the 
limitations  of  biaxial  stress  combinations  which  can  be  obtained  from  the  biaxial  plate  specinxtns 
(the  biaxial  plate  is  only  effective  for  measuring  tensile-tensile  stress  loads  of  limited 
combinations;  see  Figure  1 1)  it  is  difficult  to  determine  by  visual  inspection  if  the  shape  of  the 
craze  initiation  surface  in  stress  space  is  cusp  shaped  as  shown  in  Figure  7,  or  if  it  is  some  other 
shape. 


The  parameters  A  and  B  from  equations  3  and  4  were  determined  as  follows; 

For  the  uniaxial  stress  state.  Equation  3  (stress  bias  criterion)  reduces  to 

t 

o  =  -h-B  (7) 

o 

A  least  square  fit  of  the  data  in  Figure  9  provides  a  relationship  between  time  to  craze  and 
uniaxial  stress 


logr  a  3.5057-7.71 1 X  10"^O  -  -  -  — -  (8) 

or,  rearranging  to  solve  for  stress  in  terms  of  time, 

0,(3,5057,10^) 

7.7113x10*^ 

Substituting  Equation  9  into  Equation  7,  and  solving  for  B, 

j  (3.5057-1081) _ A _ 

7.7113x10-*  (3.5057-log()(7.7113xl0-‘) 


Equation  10  is  then  substituted  into  Equation  3,  leaving  A,  a|,  and  a2as  the  only  unknowns. 

.  A  3.5057-log/  A  .... 

Oi— . . . .  I —I. .—.I  1 1.0  .  ^.1. 

(01+02)  7,7113x10’^  (3.5057-log/)(7.7113xl0'^) 

Equation  1 1  is  rearranged  to  solve  for  A,  and  the  biaxial  test  data  is  then  input  into  the 
equation  to  determine  A  for  each  test  data  set  Oj,  02,  and  time  /.  The  corresponding  value  for  B 
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is  detennined  from  Equation  10.  The  value.s  of  A  and  B  are  then  plotted  versus  time,  see  Figures 
14  and  15,  and  a  least  square  fit  provides  a  relationship  between  the  value  A  and  time,  and  the 
value  B  and  time.  Note  that  the  coefficients  of  detennination,  R,  for  A  and  B  are  shown  on 
Figures  14  and  15.  The  coefficient  of  determination,  R,  is  a  measure  of  the  standard  error 
associated  with  the  least  square  fit  to  the  data.  Possible  values  range  from  0  to  1.  The  closer  the 
R  value  is  to  1,  the  smaller  the  standard  error  is  for  the  straight  line  fit  to  the  data.  Equation  3 
(stress  bias  criterion)  plotted  in  the  first  quadrant  of  stress  space  (tension>tension)  with  the 
functions  for  i4  and  B  shown  in  Figures  14  and  15,  is  shown  in  Figure  16. 

The  parameters  A  and  B  for  Equation  4  (maximum  strain  criterion)  are  solved  for  in  a 
similar  manner  and,  along  with  corresponding  R  values,  are  shown  in  Figures  17  and  18. 

Equation  4  (maximum  strain  criterion),  plotted  in  the  first  quadrant  of  stress  space  with  the 
functions  for  4  and  B  shown  in  Figures  17  and  18,  is  shown  in  Figure  19. 

Most  accepted  yield  criterion  are  elliptical  in  shape  (e.g.,  von  Mises  and  strain  energy).  In 
fact,  the  plots  of  biaxial  and  uniaxial  results  for  the  later  time  periods  (after  15  minutes)  appear  to 
be  elliptical  shaped.  The  general  formula  for  an  ellipse  oriented  at  45**  to  the  x  and  y  axis  is 


where  the  panuneters  A  and  B  are  functions  of  time.  A  and  B  are  solved  for  in  a  manner  similar  to 
that  shown  above.  The  parameters  A  and  B  are  plotted  versus  time  in  Figures  20  and  21.  A 
family  of  empirical  elliptical  shaped  craze  initiation  criteria  curve.s,  plotted  using  Equation  16  and 
the  equations  for  A  and  B  shown  in  Figures  20  and  21,  are  shown  in  Figure  22.  A  plot  of  this  — 
craze  initiation  criteria  in  biaxial  stress  and  time  space  is  shown  in  Figure  23.  This  surface 
represents  the  threshold  between  uncrazed  and  crazed  material.  Inside  the  surface  there  is  not 
sufficient  energy  to  cause  crazing.  The  craze  surface  (and  condition)  can  be  reached  by  increasing 
the  available  energy;  the  available  energy  is  increased  by  moving  up  the  time  scale,  increasing  the 
stresses,  and/or  increasing  the  temperature. 

Table  3  presents  the  equations  for  each  of  the  three  proposed  criterion,  the  values  of  the 
parameters  for  each  equation,  and  the  corresponding  coefficient  of  determination,  R,  for  each 
parameter.  The  elliptical  stress  craze  initiation  criterion  provides  the  best  fit  to  the  data  obtained, 
with  R  values  for  the  two  parameters  of  0.8  and  0.9. 


Part  II  Discussion,  Conclusions,  and  Recommendations 

The  results  of  this  program  indicate  that  there  is  a  definite  relationship  between  uniaxial 
and  biaxial  chemical  stress  crazing  with  isopropyl  alcohol.  Three  possible  chemical  stress  crazing 
criterion  have  been  presented.  Two  represent  adaptations  of  criterion  which  have  been  developed 
for  pure  stress  crazing  (where  the  craze  agent  is  air),  and  the  third  criterion  represents  an 
empirical  elliptical  criterion.  The  elliptical  craze  initiation  criterion  provided  ^e  best  fit  to  the 
data  obtained. 
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The  choice  of  a  circular  plate  specimen  prevented  studying  craze  in  ail  regions  of  the 
biaxial  stress  state.  Even  though  the  biaxia*  wiaze  specimen  design  used  in  this  effort  is  more 
simple  to  fabricate,  test,  and  analyze  than  those  used  by  other  researchers  to  study  biaxial  crazing, 
it  is  not  possible  to  study  all  of  the  combinations  of  principle  biaxial  stresses  of  interest  with  this 
specimen.  Therefore,  a  different  type  of  specimen  is  required  for  future  analysis  of  biaxial  craze. 
To  better  define  a  multiaxial  chemical  stress  crazing  criterion,  other  tests  should  be  conducted, 
with  different  combinations  of  principle  ten.sile  stres.ses,  and  with  combinations  of  tensile  and 
compressive  stresses. 

It  is  recommended  that  future  work  also  include  analysis  of  the  effects  of  other  chemicals 
(in  addition  to  isopropyl  alcohol)  on  crazing.  In  addition  to  conducting  more  tests  with  different 
combinations  of  biaxid  stresses  and  with  different  chemicals,  it  is  recommended  that  fu.ure  work 
also  take  into  account  area  effects.  The  testing  on  this  program  was  conducted  with  time  to 
initiation  as  the  measured  parameter.  If  future  testing  were  to  be  conducted  with  the  measured 
parameter  being  time  to  a  specified  craze  density  (i.e.  number  of  crazes  per  surface  area)  instead 
of  time  to  initiation  of  first  craze,  it  would  allow  a  better  comparison  of  different  types  of  tests. 
Time  to  initiation  of  first  craze  is  a  function  of  the  surface  area  at  a  given  stress  level.  Crazing 
occurs  sooner  on  larger  areas  than  smaller  ones.  The  cantilever  beam  has  a  given  surface  area  of 
material  at  each  stress  level,  while  the  area  at  each  stress  level  for  the  biaxial  plate  specimen  is  a 
function  of  the  radial  location  in  the  plate  and  is  not  equal  to  the  area  for  the  cantilever  beam 
specimen.  In  general,  area  effects  have  been  ignored  by  researchers. 
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Tabic  1.  Constant  Load  Test  Matrix 


Number  of 
Samples 

Nominal 

Stress  (psi) 

Test  1 

Nominal  Time  Under  Load  (hrs) 

Test  2  Test  3 

Test  4 

5 

1500 

24 

168 

672 

1344 

5 

2000 

24 

168 

672 

1344 

5 

2500 

24 

168 

672 

1344 

5 

3000 

24 

168 

672 

1344 

Table  2.  Constant  Displacement  Test  Matrix 


1  Number  of 

Nominal 

Nominal  Time  Under  Strain  (hrs) 

Strain 

Tcstl  Test  2  Test  3 

Test  4 

rs 

1500 

24  168  672 

1344 

Table  3.  Summary  of  I^oposcd  Craze  Initiation  Criterion 


Craze 

Initiation 

Criterion 

Equation 

Parameter  A 

R* 

Parameter  B  R* 

Stress  Bias 

A«5.115xl0!- _ 

0.730 

a--6.8519xl0^+  0.033 

Criterion 

— - - 

1.881  xio’  log/ 

I.8488xl0’(ogr 

Max 

Strain 

Criterion 

4  -  2.1768x10’- 
6.3262x10*  log/ 

0.446 

fl- -1.7423x10“*-  0.326 
1.3776xl0’lo|» 

ElUpdcal 

Criterion 

4  »  5.357x10^ - 
2.028x10^  log/ 

0.910 

4.095x10^-  0.798 
8.95x10*  log/ 

^Coefficient  of  Determination 
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1/4*  BUTYL  RLSBER  DAM 


Rgure  2b.  Stress  Relaxation  Fixture 
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Rgure  5.  Craze  Results  for  Constant  Load  Tests. 


Street  Relaxation  Effecta  on  Aeolic  Crazing 
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Rgure  6.  Craze  Results  for  Constant  Displacement  Tests. 
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Rgure  7.  Biaxial  Stress  Yielding  and  Stress  Crazing  Cuives  for  PMMA  (from  Ref 


Figure  8.  Cantilever  Beam  Test  Setup. 
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Rgure  10.  Biaxial  Chemical  Stress  Craze  Test  Rxture. 
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Rgure  1 1 .  Radial  and  Tangential  Components  of  the  Stress  in  the  Biaxial  Plate  Specimen. 
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Figure  12.  Uniaxial  and  Biaxial  Stress  Craze  Data  at  Various  Times. 
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Figure  13.  Typical  Tested  Biaxial  Craze  Specimen. 
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A(t)  FOf 


ngure  16.  Best  Fit  Semi-EmDirical  Stress  Bias  Craze  Initiation  Criteria  for  Uniaxial 
and  Biaxial  Chemical  Craze  Data 
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Rgure  1 7.  Parameter  A  as  a  Function  of  Time  for  Maximum  Strain  Ciiteiia 
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Rgure  20.  Parameter  A  as  a  Function  of  Time  for  Elliptical  Shaped  Craze  Initiation  Criteria 
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Rgure  21 .  Parameter  B  as  a  Function  of  Time  for  EllipticaJ  Shaped  Craze  Initiation  Criteria 
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ABSTRACI’ 

Longitudinal  waves  at  the  critical  incidence  (L-cr)  angle  have  been  utilized  to  measure 
residual  stress  in  glass  and  plastics  used  tor  high  performance  aircraft.  The 
acoustoelastic  effect  is  must  profound  in  this  mode.  The  novel  feature  of  this  n*.search 
is  the  development  of  transducers  that  arc  patterned  after  acoustic  microscopy.  The 
reflected  spMular  and  leaky  wave  signals  are  received  by  separate  ceramics.  The  phase 
comparison  with  specular  reflection  allows  better  measurement  of  the  acoustoelastic 
(velocity  changes)  effect,  as  compared  to  the  practice  of  using  the  input  signals. 
Rayleigh  waves  can  also  be  used  in  the  same  fashion.  Use  of  water  as  acoustic  couplant 
is  not  suitable  for  plastics  due  to  the  low  pha.se  velocities.  Instead,  a  silicone  rubber 
medium  is  used  in  a  manner  similar  to  wedge  transducers.  This  arrangement  has  an 
additional  benefit  of  dry  contact  scanning,  an  attractive  feature  for  field  measurements. 
The  data  are  acquired  using  a  PC  and  they  are  cross-correlated  with  the  reference  signal 
to  determine  precise  transit  time.  Two  additional  measurement  systems  are  developed 
using  an  electronic  counter  and  spectral  technique.  The  stress  measurements  are  made 
on  aircraft  grade  acrylic  specimens. 


INTRODUCTION 

The  use  of  acrylics  and  polycarbonates  as  structural  members  is  particularly 
desirable  as  transparent  enclosures  for  high  performance  aircraft.  The  measurement  of 
the  state  of  stress  during  fabrication  and  operation  in  these  members  is  critical  for 
assessing  their  durability  and  reliability. 

Among  existing  stress  mea.surement  techniques.  X-ray  diffraction  is  applicable 
only  to  metals  and  is  generally  limited  to  smaller  samples  for  laboratory  use.  While  the 
hole-drilling  technique  is  the  most  common  method  used  for  field  or  in-situ  measurement, 
there  are  two  major  problems  with  using  this  procedure  on  plastics.  The  local  heat 
produced  while  drilling  the  hole  causes  material  changes  that  distort  the  existing  stress 
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field.  Also,  due  to  large  creep  in  plastics,  there  is  no  unique  stress  and  strain 
relationship.  Thus,  the  measure  of  strain  does  not  unequivocally  relate  to  the  state  of 
stress. 

A  viable  nondestructive  evaluation  (NDE)  technique  is  needed  to  measure  both 
the  re.sidual  stress  induced  during  manufacturing  and  applied  stress  incurred  during 
operation.  Ultrasonic  stress  ipeasurement,  often  referred  to  as  acoustoelasticity,  has 
shown  great  promise  as  an  NDE  technique  [1-3].  Earlier  efforts  in  stress  determination 
in  polymers  were  marred,  due  to  the  lack  of  a  transducer  capable  of  launching  surface 
waves  in  plastics  [4,5].  Recently,  Obata  et  a!  [5]  have  measured  stress  successfully  in 
acrylics  by  using  an  acoustic  microscope.  Their  method  has  some  limitations:  it  requires 
the  sample  to  be  immersed  in  a  fluid,  and  the  cost  of  acoustic  microscope  used  is  fairly 
high.  Shaikh  [6]  has  developed  surface  wave  transducers  and  techniques  for  the  detection 
of  flaws  in  structural  polymers.  These  transducers  and  technique  arc  applied  to 
nondestructive  measurement  of  stress,  as  well  as  creep  and  stress  relaxation  in  plastics. 

In  the  past.  Surface  stress  measurements  exclusively  used  Rayleigh  waves  [3]. 
Recently,  the  surface  skimming  compressional  wave,  better  known  as  the  critically 
refractal  longitudinal  wave  (L-cr),  has  gained  wider  acceptance  [2].  The  L-cr  wave  is 
most  suitable  for  stress  measurement,  since  the  .stress  induced  effects  are  the  largest  in 
this  mode.  This  mode  also  has  the  highest  propagation  velocity,  approximately  twice  that 
of  the  Rayleigh  wave.  On  account  of  its  speed,  the  L-cr  signal  is  the  first  to  arrive  at 
the  receiving  transducer,  and  is  not  cluttered  by  various  reflections  and  extraneous 
modes. 


ACOUSTOELASTICITY  "  ^  ^ 

The  acoustic  stress  measurement  technique  is  termed  "acoustoelasticity,"  in 
analogy  with  "photoelasticity."  The  acoustoelastic  effect  is  characterized  by  the  fact  that 
the  propagation  velocity  of  an  acoustic  wave  in  a  solid  changes  in  proportion  to  the 
change  in  stress  in  the  material.  The  equation  below  illustrates  the  dependence  of  stress 
on  the  velocity  of  a  longitudinal  wave  propagating  along  a  uniaxial  stre.ss  direction. 


Where  V  is  the  phase  velocity  in  the  unstressed  material,  and  a  is  the  uniaxial  principal 
stress  along  the  direction  the  wave  travels.  For  most  materials,  the  above  equation  is 
linear  and  thus  the  slope  of  the  line  provides  the  value  of  L.  The  value  of  L  is  an 
acoustoelastic  property  of  a  material,  similar  to  the  familiar  "elastic  modules."  The  value 
of  L  should  be  known  beforehand  or  must  be  calibrated  from  tests  for  each  batch  of  the 
material  in  which  the  stress  is  to  be  measured.  For  the  purpose  of  calibration,  uniaxial 
tension  test  is  conducted  on  a  material  to  determine  its  value  of  L.  A  typical  value  of 
L  for  acrylics  is  5  x  10*  per  psi. 
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STRESS  MEASUREMENT  SYSTEMS 


The  basic  measurement  technique  involves  precise  determination  of  the  time  of 
wave  transmission  that  is  dependent  upon  the  stress.  The  stress  acoustic  effect  is 
comparatively  small;  under  3%  for  the  yield  stress  of  acrylic.  Typical  measurements 
require  the  accuracy  of  one  part  per  thousand,  or  typically  within  20  nano  seconds. 
Three  different  measurement  systems  are  being  develop^  to  provide  a  range  of 
instrumentations  of  varying  levels  of  sophistication  and  price  range. 

1.  Digital  Ultrasonic  Instruments 

Cross  Correlation  of  Tone  bursts;  One  of  the  measurement  techniques  that  we 
have  developed  to  a  great  extent  is  digital  data  acquisition  by  a  PC.  It  measures  the 
delay  time  by  computing  the  cross-correlation  function.  The  software  is  written  in  a 
Windows  environment  with  visual  C-I-+  and  the  algorithm  is  based  on  Fast  Fourier 
Transform  (FFT)  [7]. 

The  correlation  function  is  the  integration  of  the  product  of  two  waveforms  with 
the  argument  of  one  displaced  by  the  next  value  of  r.  This  function  takes  an  optimum 
value  when  the  value  of  r  equals  the  delay  between  the  signals.  A  simple  way  of 
calculating  involves  taking  two  waveform  arrays  of  size  n  and  summing  up  the  product 
point  by  point  for  each  value  of  r.  This  computation  requires  n*  multiplications  where 
n  represents  the  number  of  digitized  points  of  the  signals.  Therefore  the  computation 
complexity  would  be  0(n^).  Presently,  even  with  fast  computer  processing  time,  this  is— 
not  desirable  for  large  waveforms  (1024  or  more  points)  operating  in  a  real-time 
environment. 

An  alternative  to  this  is  to  use  the  FF1*.  It  has  been  shown  that  by  transforming 
the  two  waveforms  by  an  FFT,  then  multiplying  one  of  these  by  the  complex  conjugate 
of  the  other,  and  finally  using  the  inverse  FFn*  on  this  product,  the  correlation  function 
could  be  acquired.  Although  this  procedure  sounds  a  bit  involved,  the  resulting 
computation  is  much  more  efficient  than  the  direct  multiplication  approach.  Therefore, 
this  has  been  chosen  as  the  ba.sis  for  our  correlation  function  [7].  Figure  la  shows  the 
two  waveforms,  reference  and  the  transmitted  signal,  acquired  from  a  digital 
oscilloscope;  one  is  delayed  from  the  other  by  the  amount  of  time  the  wave  travelled 
through  the  test  specimen.  The  correlation  function  is  shown  in  Figure  lb.  The 
correlation  result  was  compared  to  the  time  delay  read  manually  on  the  oscilloscope. 
The  calculated  value  was  exactly  the  same  for  the  waveforms.  When  the  waveforms  are 
not  similar,  but  have  some  distortion,  the  manual  technique  becomes  ambiguous,  thus 
requiring  a  technique  such  as  cross-correlation. 

2.  Time  Interval  Measurement  Technique 

Determining  the  precise  time  of  travel  of  ultrasonic  waves  through  the  specimen 
is  the  single  most  important  factor  in  stress  measurements,  in  this  approach,  a  counter, 
pre-amplifier  and  a  gate  circuit  are  needed,  A  Universal  Counter,  which  measures  the 
time  interval  between  two  waveforms  with  an  accuracy  of  2  nano  seconds  is  used.  A 


pre-amplifier  is  necessary  since  the  transmitted  signal  may  not  always  be  of  the  minimum 
amplitude  required  by  the  counter.  The  need  for  the  gate  circuit  is  a  result  of  signal 
ambiguities.  One  typical  problem  in  measuring  the  time  delay  is  the  distinction  between 
the  noise  and  the  beginning  of  the  signals.  This  ambiguity  is  removed  by  providing  a 
gate  that  can  be  positioned  at  the  appropriate  position  and  instructing  the  counter  to  start 
measurements  from  the  first  peak  from  that  time  onward.  Figure  2a  shows  the  gate  on 
the  reference  signal.  A  similar  gate  is  also  placed  on  the  transmitted  signal  (not  shown). 
Figure  2b  shows  the  schematic  for  our  measurement  scheme.  A  tone  burst  is  sent  to  the 
transmitting  transducer  and  two  signals  are  received,  one  by  the  reference  and  one  by  the 
receiver  (through  the  sample).  Each  of  the  signal  is  pre-amplified  as  necessary  and  sent 
to  the  Universal  Counter.  The  gate  sends  an  arming  signal  to  the  counter  and  its  position 
is  set  with  the  help  of  an  Oscilloscope.  Studies  are  continued  to  establish  the  efficacy 
of  the  method,  including  accuracy  and  limitations.  The  technique  will  be  compared  with 
the  digital  correlation  technique. 

3.  Sweep  Frequency  Technique 

During  the  initial  development  stage,  special  wedge  transducers  were  designed  [8] 
to  launch  and  receive  L-cr  and  Rayleigh  waves  in  plastics  such  as  acrylics  and 
polycarbonates.  The  transducers  were  made  of  wedges  of  high  grade  silicone  rubber 
whose  wave  velocities  is  smaller  than  those  of  acrylics  and  polycarbonates. 

Success  with  the  wedge  transducers  motivated  further  extension  of  the  technique 
of  acoustic  microscopy  to  stress  measurements.  A  line  focus  transducer  was  designed 
for  acoustoelastic  measurements  with  a  center  frequency  of  5  Mhz.  Transducer 
frequency  variation  can  easily  be  controlled  and  measured  to  the  accuracy  of  the  signal 
generator.  For  our  signal  generator,  the  accuracy  is  in  increments  of  1(X)  Hz.  Thus  the 
measurement  of  the  phase  and  the  time  delay  by  this  technique  can  offer  an  accuracy  of 
one  part  in  10,000.  Figure  3a  and  3b  shows  the  classic  V(z)  curves  of  acoustic 
microscopy  on  acrylics  and  aluminum  respectively.  In  acrylic,  the  leaky  wave  is 
longitudinal,  with  a  phase  velocity  of  2.71  km/sec,  while  in  aluminum  the  leaky  wave 
is  Rayleigh  wave  with  a  phase  velocity  of  2.97  km/sec.  Typical  of  this  research  is  the 
measurement  of  V(z)  curves  at  a  constant  value  of  the  de-focus  distance  z.  Figure  4a 
shows  the  plot  at  the  focal  point  (z=0)  which  essentially  shows  the  frequency  response 
of  the  tran^ucer.  When  the  transducer  is  moved  closer  to  the  focus  point  by  a  distance 
z  the  leaky  waves  are  generated  along  with  the  specular  reflection.  Figure  4b  shows  the 
signal  variation  versus  frequency;  a  sharp  null  is  seen  at  4,997  Mhz.  This  null  frequency 
is  unique  to  the  phase  velocity  at  that  point  and  thus  corresponds  to  the  state  of  the 
stress.  The  transducers  and  technique  are  being  developed  to  measure  the  null  frequency 
in  scanning  mode  to  measure  the  stress  field. 
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Interference  of  Leaky  Wave 
and  Specular  Reflection 
at  4.997  MHz 


CONCLUSIONS 


The  feasibility  of  the  transducers  and  techniques  along  with  the  necessary 
instruments  is  shown  for  measurement  of  stress  in  plastics  and  glass  used  for  transparent 
enclosure  of  high  performance  aircraft.  The  technique  and  hardware  are  being 
developed  for  the  field  measurement  for  quality  control  at  manufacturing  stage  and 
durability  at  operation. 
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One  element  of  aircraft  struaure  deviates  quite  a  bit  from  the  extensively  used 
more  or  less  durable  and  strong  metal  construction.  This  element  is  made  from  a 
very  sensitive  and  transparent*  material,  which  is  normally  handled  with  some 
respect  and  even  more  care,  because  everybody  has  already  realized  its  Greatest 
disadvantage  •  it  breaks  quite  easily.  Just  think  about  your  experience  •  a  drinking 

fllass  falling  down  to  the  floor  or  just  falling  over,  or  remember  the  story  of  the 
ootball  and  your  neighbour's  window  pane. 

Aircraft  visual  transparencies,  particularly  the  glazing  material,  are  subjected  to  a 
wide  variety  of  much  higher  loads.  That  nooody,  under  everyday  conditions, 
would  normally  ever  take  into  considerations. 

These  loads  are:  internal  pressure,  aerodynamic  pressure,  bird  impact  (your 
football  shot  is  just  a  gentle  stroke  compared  to  the  impact  of  a  four-pound  bird 
at  aircraft's  design  cruise  velocity  up  to  an  8000  foot  altitude)  foreign  object 
damage,  thermal  expansion  and  contraction,  transverse  thermal  gradients, 
airframe  torsion  and  bending,  fatigue,  etc.  •  not  one  load  at  a  time  -  no,  all  at  the 
same  time. 

With  that  knowledge,  and  the  realization  of  a  high  cost  burden,  people  should 
expect  that  this  struaural  element  is  getting  the  required  attention  within 
aircraft  operations. 

Just  the  opposite  seems  to  be  the  fact,  mainly  due  to  the  following: 

1 }  Lack  of  interest  and  knowledge  by  the  airlines. 

2)  Defectiveness  in  realizing  problems  and  coordinating  them  between  airlines 
and  window  manufacturers  by  the  aircraft  manufacturers. 

3)  .  Lack  of  sufficient  in  service  experience  reports  due  to  1)  and  2)  by  the 
window  manufacturers. 

Traditionally  all  aircraft  operation  problems  are  reported  by  operators  to,  and 
discussed  with,  the  aircraft  manufacturers.  Direa  contacts  between  part  manu¬ 
facturers  and  airlines,  at  least  in  the  past,  were  quite  rare  and  seemed  to  be 
actively  discouraged. 

The  considerable  amount  of  worldwide  information  generated  and  submitted  to 
the  aircraft  manufacturers  -  even  not  always  of  best  scientific  and  technical 
content  -  in  connexion  with  the  awareness  of  a  critical,  safety  related  airframe 
component,  should  raise  the  expectation  of  early  decisions,  recommendations 
and  modifications,  as  required. 

Even  when  close  examination  of  aircraft  window  failure  modes  and/or  damage 
disclosed  an  inadequacy  in  transparency  design,  resulting  in  unacceptable  trans¬ 
parencies  -  urgently  needing  redesign  -  soon  after  their  introduction  into  service, 
nothing  happened  -  sometimes  for  years,  even  when  flight  safety  was  directly 
affected. 

Windows  were  replaced  under  warranty,  at  no  charge  by  the  aircraft 
manufacturers.  Their  responsible  engineers  very  often  were  not  involved  and  had 
no  idea  of  the  large  number  of  returned  windows  and,  quite  often,  had  not  the 
slightest  idea  of  the  different  failure  modes.  The  window  manufacturers  got 
absolutely  no  information  what  happened  in  service. 
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Were  they  not  interested?  Dr  did  some  strange  contract  between  aircraft  and 
vvindow  manufacturers  hinder  airline  and  service  experience  being  coordinated  ? 

On  June  21,  1982  the  area  sales  manager  of  one  of  the  leading  window  manu* 
facturers,  during  a  meeting  with  an  aircraft  manufacturer,  made  the  following 
statement: 

"When  you  visit  our  facility  next  Friday,  be  aware  that  you  will  get  a  shop  tour, 
only.  Nobody  Will  discuss  any  technical  item  except  somebody  from  the  aircraft 
manufacturer  will  accompany  you." 

Since  that  historic  day,  improvements  are  clearly  noticeable  and  there  was  a 
certain,  very  successful  period  of  about  6  years  when  some  airlines  and  some 
window  manufacturers  solved  problems  without  the  more  or  less  negative  in¬ 
fluence  of  the  aircraft  manufacturers. 

In  the  meantime  more  and  more  airlines  and  window  manufacturers  have 
realized  that  close  cooperation  and  experience  exchange  is  essential. 

But  still,  even  more  modification/improvements  or  just  recommendations 
were  not  introduced  because  of  a  certain  influence  exerted  by  aircraft  manu¬ 
facturers  -  even  though  a  window  is  not  considered  to  be  an  aircraft 
manufacturer’s  proprietary  item. 

However,  some  mystery  must  be  involved  when  windows,  demonstrating  a 
certain  failure  mode,  are  returned  to  the  aircraft  manufacturer  at  their  request 
and,  on  return,  the  following  statement  is  received: 

"The  window  we  had  planned  to  examine  was  inadvertently  scrapped.  We  regret 
the  toss  of  this  window  as  we  had  hoped  to  learn  more  regarding  the  failure 
condition." 

This  was  not  too  long  ago.  This  statement  was  received  June  22, 1990. 

To  answer  the  question:  "Aircraft  manufacturer's  assistance  •  help  or 
obstruction?"  four  typical  failure  modes  are  presented  and  discussed  in  detail. 

The  first  defect/failure  mode  in  question  occured  due  to  an  aircraft 
manufacturer's  enforced  modification  to  the  transparency,  which  was  later 
explained  to  be  the  most  successful  change  to  reduce  the  probability  of  another 
defect. 

This  "other"  defect  was  pre-dominant  on  four  of  the  ten  window  positions. 

The  modification  actually  created  a  more  severe,  safety  related  defect  on  all 
windows. 

The  windows  in  question  are  flat  and  utilize  chill-tempered  soda  lime  glass  for 
the  primary  structural  ply,  with  a  substantial  amount  of  polyvinyl  butyral  (PVB) 
bonded  to  the  glass.  The  PVB  serves  the  purpose  of  a  fail-safe  diaphragm,  as  well 
as  being  the  ultimate  bird-stopping  agent.  This  windshield  design  relies  on  the 
bird  bagging  concept. 

For  this  method  the  glass  pane  fractures  on  impact  and  allows  the  PVB  interlayer 
to  deform  and  absorb  energy. 
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With  the  realization  that  aircraft  and  birds  will  always  share  the  sanrie  sky,  and 
colltsions  between  birds  and  aircraft  are  a  major  flight  safety  problem,  the 
allowable  limit  for  the  new  type  of  defect,  which  involves  the  PVB,  was  of  course 
"zero"  We  are  talking  about  PVB  cracking  -  a  defect,  present  on  every  window  of 
a  certain  type,  after  some  time  in  service,  for  more  than  20  years,  but  in  many  or 
most  cases  never  detected  by  most  of  the  operators. 
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Between  1970,  when  the  first  cracks  were  detected,  and  1990  when  the  first  real 
fix  was  introduced  to  avoid  PVB  cracking,  an  incredible,  never  ending  story  of 
non-observance,  inactivity,  mismanagement,  and  ignorance  was  experienced. 

The  new  failure  mode  was  acknowledged  by  the  aircraft  manufacturer,  all 
windows  returned  under  warranty  were  replaced  at  no  charge,  no  information  to 
other  operators,  or  changes  to  the  windows  were  made  . 

About  two  years  later,  due  to  the  increasing  number  of  windows  removed  due  to 
PVB  cracking,  a  repair  in  the  form  of  recycling  of  used  windows  in  an  autoclave 
process  was  explored,  in  close  cooperation  between  aircraft  manufacturer, 
window  manufacturer  (one  of  two)  and  one  airline.  Initially,  the  results  appeared 
to  be  promising. 

However,  a  closer  review  revealed  other  problems  and  imperfections. 

Because  recycling  did  not  appear  to  be  cost  effective  for  the  results  gained,  this 
process  was  abandoned  as  a  means  of  improving  window  durability. 

The  first,  at  least  partly  effective  modification  to  reduce  PVB  cracking  was 
developed  in  close  cooperation  with  airlines  and  a  small  specialized  manufacturer 
-  by  the  addition  of  a  heater  bonded  to  the  inside  of  the  window 

It  took  the  responsible  part  of  that  business  two  years  to  introduce  something 
Similar  or  even  slightly  better  - ,  but  the  problem  never  disappeared. 

In  1981  the  following  was  published  by  the  aircraft  manufacturer: 

“The  cracking  of  the  vinyl  interlayer  in  the  number  1  window  (it  seems  that  they 
still  had  not  realized  that  cracking  occured  on  all  window  positions  no.  1  to  5.  left 
hand  and  right  hand)  was  attributed  to  cold  areas  in  the  window.  Production 
improvements  achieved  more  uniform  heating  by  relocating  the  heater  wires  and 
making  them  from  a  heavier  gage. 

The  heatef  wires  Were  moved  from  the  forward  (inboard)  and  aft  (outboard) 
edges  to  the  forward  lower  and  upper  aft  corners  of  the  window. 
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Sound's  good!  ? 

I  still  have  some  doubt  whether  this  change  was  introduced  as  an  improvement  or 
due  to  production  cost  reduction 

This  change  became  effective  July  1979  at  only  one  window  manufacturer 

It  was  absolutely  no  surprise,  that  shortly  after  introduction  of  this  improvement 
a  new  type  of  defect  was  to  be  found  in  the  area  of  the  new  heating  element, 
and  *  PVB  cracking  was  found  in  an  increasing  number  after  a  very  short  time  in 
service,  again 

Due  to  severe,  PVB  shrinkage  and  warping,  just  in  the  area  of  the  heating 
element,  wires  had  to  fail, .causing  arcing  and  local  overheat  -  the  new  defect,  but 
by  then  the  heating  element  was  completely  inoperative  and  we  were  back  to 
square  one  *  a  completely  cold  corner,  with  high  stresses  and  consequent  PVB 
cracking. 


But  why  was  such  severe  shrinkage  and  warping  occuring?  The  new  heating 
element  should  have  been  capable  of  supplying  sufficient  heat. 

Sufficient  heat?  That's  the  question! 


There  was  a  certain  aircraft  manufacturer's  edge  heater  check  procedure 
published  for  the  window  manufacturer: 

"While  unit  is  powered,  check  against  gridboard  to  ensure  the  edge  heaters  are 
working.  Broken  wire  in  the  0.7-watt  area  is  acceptable.  Broken  wire  in  the 
3.0-watt  area  is  to  be  rejected  " 


Defective  windows  leavir^g  the  factory  with  aircraft  manufacturer's  approval !! 

For  the  firrt  time  in  history,  1987  -  17  years  after  the  first  vinyl  crack  was  found  - 
the  aircran  manufacturer  published  details  on  vinyl  cracking  and  the  area  of 
occurance! 

Nearly  everything  in  that  publication  was  wrong  or  at  least  misleading  !! 
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Due  to  legal  problems  with  the  two  established  window  manufarturers  -  they 
were  v^orking  too  close  y  together  with  the  airlines  -  the  aircraft  manufacturer  in 
1987  began  working  with  a  third  manufacturer  (known  for  excellent 
performance  with  other  types  of  windows)  to  develop  improved  windows. 

The  first  windows  successfully  completed  full  certification  testing  and  were  FAA 
certified  in  May  1988. 

Shortly  after  in-service  evaluation  installation  of  some  of  these  windows  at  ore 
airline  we  received  the  first  reports  on  PVB  cracking  ! ! 


Nevertheless  on  May  18. 1989  the  aircraft  manufacturer  proudly  announced: 

"We  are  pleased  to  announce  the  incorporation  of  improved  windshield  assem¬ 
blies.  Development  testing  and  in-service  evaluations  have  been  successfully  com¬ 
pleted  and  the  new  windshield  assemblies  have  been  committed  to  production. 
The  new  windshield  configuration  applied  to  heated  window  positions  numbers 
1,  2,  4  and  5  left  and  right  side.  Improvements  included  revised  window  edge 
details,  and  a  new  type  conductive  coating  that  is  currently  being  used  on  other 
model  aircraft. 

These  improvements  will  minimize  glass  edge  chipping,  delamination,  and  vinyl 
interlayer  cracking." 


One  window  position  is  not  mentioned:  no.  3.  This  is  normally  an  unheated 
window.  Together  with  a  few  other  operators  we  are  usinq  heated  windows  at 
that  position.  Since  the  decision  was  made  to  use  the  heated  window  in  1981,  this 
window,  orginally  installed  on  a  long  range  aircraft,  was  a  real  disaster  on  a  short 
range  hopper.  Nearly  no  window  ever  reached  a  thousand  flight  hours. 


In  January  1985  an  airframe  manufacturer  influenced  new  design  window  was 
installed  on  new  delivered  aircraft.  After  less  than  one  year  none  of  the  delivered 
1 2  windows  was  still  in  service. 

In  close  cooperation  with  the  window  manufacturer  a  new  design  entered  service 
in  August  1986.  More  than  200  no.  3  windows  are  now  in  service  at  Lufthansa, 
with  just  a  very  few  justified  removals  in  the  meantime. 


Coming  back  to  the  aircraft  man ufactu rein’s  announcement  on  May  18, 1989; 

Just  18  days  later  on  June  7. 1989  a  new  message  was  received: 

"The  first  telex  informed  you  of  our  intent  to  incorporate  improved  windshield 
assemblies  on  your  new  airplanes. 

Recent  data  from  our  in-service  evaluation  has  caused  us  to  reconsider  the 
commitment  of  these  windshield  assemblies  to  production. ' 

We  are  currently  evaluating  the  situation  and  will  advise  you  further  by  the  end 
of  June  1989." 


Nothing  was  received  by  e'  !  o?  June  1989,  but  new  aircraft  were  delivered  m 
December  1989.  What  a  surprise  (but  as  expected)  we  found  the  windows  in 
question  installed!  Following  the  Delivery  flight,  after  the  aircraft  had  flown  in 
total  7  hours  18  minutes  (8  cycles)  m  flight  test,  and  10  hours  42  minutes  (2  cycles) 
on  the  delivery  flight,  vinyl  cracks  were  already  apparent ! ! 


As  worranty  replacements  we  received  so  called  new  design  from  another 
vendor 

When  they  were  returned  to  the  aircraft  manufacturer  after  1420  flight  hours, 
the  following  comment  was  received: 

"We  concur  that  the  upper  aft  corner  contains  a  vmyl  crack  The  discrepancy  in 
the  lower  forward  is  probably  a  vinyl  crack  but  is  not  as  well  defined 
We  plan  to  return  the  window  to  the  supplier  after  a  warranty  disposition  has 
been  made. 

We  appreciate  your  bringing  this  condition  to  our  attention  since  this  is  the  first 
report  on  vinyl  cracks  in  a  new  configuration  window." 
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This  was  the  last  and  final  comment  on  such  a  window. 

The  window  manufacturer  by  the  way  never  received  the  window. 

Nevertheless,  vinyl  cracking  is  no  longer  a  problem. 

Most  of  the  design  featurers  involved  in  the  earlier  mentioned  number  3 
windows,  are  already  in  use  in  all  other  positions.  These  new  generation  windows 
were  made  available  directly  to  the  airlines  from  1989  and  have  been  in  use  at  the 
aircraft  manufacturer  for  quite  a  while. 

Aircraft  manufacturer  assistance  -  help  or  obstruction? 

This  seems  to  be  a  clear  case  of  obstruction. 

The  second  case  in  question  involves  a  modern  design  window  which  relies  on 
bird  bouncing  ->  on  rigid  material  to  repel  a  bird. 

Two  primary,  high  strength,  light  weight,  chemically  strengthened  glass  plies 
provide  fail  safe  and  bird  repel  capability. 


Already  the  first  issue  of  the  window  manufacturer's  component  maintenance 
sheet  under  "Limits  of  defects  permissible  in  use"  mentions  an  important  faa, 
. I  /  ■  deviating  quite  a  bit  from  other  windows: 

'  "Scratches:  Structural  component: 

No  scratches  greater  than  0.2  mm  {..0079  in)  in  width 
or  0.02  mm  (..00079  in)  in  depth 

/  .  shall  be  allowed." 


An  indication  that  something  must  be  wrong  when  such  incredible  tight  limits  are 
made  mandatory  ? 

75  days  after  delivery  of  the  first  of  such  windows  on  a  new  aircraft  type  on 
January  30, 1989  further  suspicion  was  raised  that  something  must  be  wrong  with 
the  new  window,  with  the  new  type  of  glass. 
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37  flight  hours  (48  cycles)  after  delivery  of  the  aircraft,  during  cruise  flight,  when 
flight  level  370  was,  for  a  short  term  increased  to  390,  and  2  minutes  after  coming 
back  to  flight  level  370,  the  inner  main  load  carrying  structural  glass  ply  of  the  left 
hand  windshield  shattered,  without  any  premature  indication/warning. 
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Aircraft  descended  to  flight  level  250  with  a  delta  p  of  5  psi.  During  further  delta 
p  reduction  for  landing,  the  inner  pane  partly  disintegrated  with  tiny  glass 
splinters  detaching  from  the  inner  glass  surface  into  the  cockpit  The  pilot 
reported  that  he  was  lucky  to  be  wearing  sunglasses. 


On  request  of  the  aircraft  manufacturer  the  windshield  was  returned  to  the 
window  manufacturer  for  investigation 

The  results  were  submitted  March  1,  1990 

inner  ply  cracked  (under  pressurization)  starting  at  one  edge 

fracture  analysis  sftows  a  small  chip;  it  might  have  been  done  at  one  edge 

replacement  under  warranty 

This  replacement  window  will  show  up  again  later  in  our  story 
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On  July  9.  1991  during  the  first  flight  after  installation  of  a  right  hand  windshield 
the  middle  main  toad  carrying  structural  glass  ply  shattered. 


Aircraft  manufacturers  comment; 

"We  are  very  concerned  by  the  window  failures  reported  " 


Window  manufacturers  conclusion: 

"Crack  initiated  from  an  impact  on  one  edge  of  the  ply 

The  findings  clearly  show  that  the  origin  of  the  cracking  is  a  shock  on  the  glass  ply 
winch  could  have  happened  during  the  windshield  assembly  or  before. " 
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It  was  later  found  to  be  melted/fused  The  window,  which  had  been  ins:^iled  in 
production  priorto  aircraft  delivery  on  February  25,  1991,  had  been  removed  and 
will  be  sent  back  on  warranty. 

On  removing  the  window,  burn  evidence  was  noted  on  the  first  mounting 
bushing  inboard  of  the  upper  power  attachment  point.  The  mating  structure  was 
also  burned  and  required  blend  out 


Two  previoi.'S  cases  of  this  condition  were  experienced  with  much  less  dramatic 
accompaniment: 

On  january  9,  1992,  the  right  hand  number  one  window  was  removed  for  a 
window  heat  failure  The  window  had  been  installed  on  June  18,  1990,  and  had 
accumulated  4051  flight  hours  and  2849  landings  The  same  bushing  was  found 
burned. 
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rhfc  bushing  removed  from  this  window  was  mailed  for  examination. 
The  first  case  of  this  condition  had  occured  some  18  months  previously 


This  message  was  sent  primarily  for  information.  However,  any  information  on 
other  cases  of  the  condition  and  any  corrective  action  planned  would  have  been 
appreciated 

As  a  response,  the  subject  circuit  breaker  was  requested  20  days  later. 

5  months  later  on  August  13, 1992,  the  following  comments  were  received: 

"Our  investigation  of  the  subject  window  is  continuing.  We  currently  plan  to 
examine  another  window  in  our  laboratory  to  obtain  additional  information.  We 
will  provide  results  or  status  of  this  investigation  on  or  before  November  4, 
1992."  In  the  meantime  the  window  manufacturer,  who  was  informed  the  same 
day,  in  March,  had  already  verbally  submitted  the  explanation  for  the  failure 
mode. 

On  November  5,  1992,  we  had  another  occurence  where  a  shower  of  sparks 
originated  from  the  upper  left  corner  of  the  captain’s  window  number  one,  when 
placing  window  heat  on  during  aircraft  preparation  for  the  next  flight.  Again  the 
mounting  bushing  was  found  burnt 

Corrective  action  was  promised  by  the  aircraft  manufacturer  on  November  17, 
1992,  which  would  be  incorporated  by  the  window  manufacturer  during  first 
quarter  of  1993. 
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On  January  9  1993.  there  was  another  occurence  where  an  arcing/flarne  plus  a 
bang  originated  from  number  1  right  hand  window,  two  minutes  a^er  heat 
"ON"  The  circuit  breaker  had  popped  and  the  mounting  bushing  inboard  of  the 
power  supply  terminal  was  severely  burned.  The  window  seal  was  black  and 
showed  slight  damage 
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Subsequent  to  this  last  report,  two  additional  cases  of  burned  window  mounting 
bushings  were  experienced : 

1)  On  Ferbuary  23.  1993,  during  climb  out  from  Munich,  the  crew  reported  a 
short  circuit  with  flames  and  smoke  from  the  right  hand  number  1  window 
with  window  heat  '  ON"  The  crew  elected  to  make  an  air  turnback  and 
returned  to  Munich. 

2)  On  February  24, 1993,  while  on  ground  in  Munich,  there  was  arcing,  flames 
and  a  bang  originating  from  number  1  left  hand  window,  shortly  after 
window  heat  "ON". 

Due  to  concerns  about  these  latest  occurences  including  the  air-turnback,  and  the 
lack  of  information  available  on  the  reasons  for  this  tailure  m.ode,  plus  the  ab¬ 
sence  of  advice  on  operator  action  necessary  to  prevent  reoccurence  and  the  lack 
of  any  other  action  taken,  at  the  time,  a  fix  for  the  problem  was  requested 
urgently  from  the  aircraft  manufacturer. 

The  answer  was  a  real  surprise  -  although  typical,  for  that  particular  aircraft 
manufacturer.  Their  response  was  as  follows; 

0  1 )  What  is  the  reason  for  the  failure  mode  ? 

A  1)  In  response,  the  windshield  arcing  was  most  likely  due  to  improper 
installation  or  the  transparency  shows  evidence  of  moisture  ingress, 
variation  in  the  terminal  block  location  or  voids  in  the  terminal  block 
location. 

0  2)  What  action  can  the  operator  take  to  prevent  reoccurence  ? 

A  2)  In  response,  we  suggest  verifying  proper  windshield  installation  as  given  in 
the  maintenance  manual. 

0  3)  What  action  has  the  aircraft  manufacturer  taken  to  date  and  what  fix  is 

- being  made  available  for  the  airlines  ?  —  -  -  - 

A  3)  In  response,  please  refer  to  our  earlier  message  which  defines  improve¬ 
ments  to  the  transparency.  We  anticipate  that  improved  v.'indshields  will  be 
available  by  the  4th  quarter  of  this  year". 

The  window  manufacturer's  answer  differs  quite  a  bit  from  the  aircraft  manufac¬ 
turer's  comments  and  their  earlier  description  of  corrective  measures; 

"Analysis  of  units  returned  by  you  which  demonstrated  arcing  and  melting  of  the 
bushing  in  the  terminal  block  area  has  resulted  in  a  solution  to  the  problem.  In 
the  old  design,  the  bushing  extended  through  the  terminal  block  to  the  inside 
surface  of  the  retainer  and  was  insulated  with  epoxy.  Cracking  or  breakdown  of 
the  epoxy  permitted  arcing  to  the  bushing. 

The  problem  has  been  corrected  by  using  a  shorter  bushing,  and  insulating  both 
sides  of  the  retainer  with  phenolic*^ 

This  answer  was  received  6  days  before  we  received  the  aircraft  manufacturer's 
answer. 

So,  to  ask  our  question  again  •  "aircraft  manufacturer's  assistance  -  help  or 
obstruction  ?" 

Anotfier  clear  case  of  obstruction  appears  to  be  the  only  answer ! 
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The  fourth  and  last  case  deals  with  major  subject,  affecting  all  airlines  -  more 
related  to  passenger  comfort  and  economical  aspects  •  but  it  also  has  a  severe 
safety  aspect,  as  clearly  stated  m  an  NTSB  report,  dated  March  8, 1993: 

"On  July  30,  1992.  an  aircraft  was  desti'oyed  by  fire  after  the  crew  executed  a 
takeoff  followed  by  an  immediate  emergency  landing. 

The  Safety  Board’s  continuing  investigation  of  the  accident  developed  evidence 
that  corrective  action  was  necessary  to  ensure  that  flight  attendants  have  a  clear 
view  through  windows  that  are  installed  in  the  exit  doors. 

The  flight  attendant  who  was  responsible  fc'  the  L-2  emergency  exit  was  unable 
to  assess  conditions  outside  the  airplane,  using  the  exit's  prismatic  window, 
because  the  window’s  outside  pane  was  either  sratched  or  crazed 
The  'light  attendant  had  to  leave  her  exit  and  move  to  a  passenger  window  m 
order  to  see  the  conditions  outside  the  exit.  After  assessing  the  condition  through 
the  odssenger  window,  she  found  it  impossible  to  return  to  her  exit  because 
passengers  blocked  the  aisle  leading  to  that  exit.  Fortunately,  another  flight 
attendant  assumed  her  position  at  the  exit  and,  when  told  oy  the  L*2  flight 
attendant  that  it  was  clear  outside,  opened  the  door  and  the  passengers 
successfully  escaped  from  the  burning  airplane. 

The  Safety  Board  believes  that  door  windows  must  be  properly  maintained  in 
orcer  to  provide  flight  attendants  the  best  possible  view  of  the  exterior  of  the 
airoiane  through  the  door  However,  as  found  during  this  investigation,  if  the 
window  panes  are  scratched  or  crazed,  flight  atteiidants  may  not  be  able  to 
accurately  assess  the  condition  outside  a  door 

The  Safety  Board  believes  that  because  this  condition  may  exist  on  other  air¬ 
planes  that  have  prismatir  windows  in  exit  doors,  the  FAA  should  ensure  that 
these  windows  are  airworthy  and  otherwise  adequate  for  their  intended 

..purpose. "  _ _ — - - - . .  . . 

These  unsatisfactory  conditions  exists  on  nearly  every  aircraft,  not  only  on 
prismatic  windows,  but  on  aK  types  of  windows  made  from  acrylic. 

More  recently,  from  around  about  April/May  1992  all  airlines,  worldwide,  regard¬ 
less  of  aircraft  type  and  also  regardless  of  the  routes  flown,  are  being  faced  with 
another  crazing  epidemic 

Within  a  couple  of  weeks  from  installation  of  new  windows  no  external  vision  is 
possible. 

This  epidemic  differs  quite  a  bit  from  anything  seen  before  within  the  last  25 
years. 

One  aircraft  manufarturer,  disregarding  most  of  the  actual  findings,  on  August 
17, 1992,  published  the  following  misleading  and  partly  incorrect  information; 
"This  Service  Letter  informs  operators  of  recent  reports  on  premature  crazing  of 
passenger  window  outer  panes  and  provides  interchangeability  information  to 
assist  in  replacement  of  existing  "standard  moisture  craze  resistant”  passenger 
window  outer  panes  with  "improved  moisture  craze  resistance"  outer  panes. 
Major  volcanic  eruptions  inject  both  chemical  and  particulate  pollutants  into  the 
upper  atmosphere.  Contaa  with  these  pollutants  can  cause  premature  crazing  of 
flight  deck  and  passenger  acrylic  winoows.  The  chemicals,  particularly  sulfates, 
attack  the  acrylic  window  material.  The  particulates  abrade  the  window  pane 
surface,  primarily  in  the  forward  fuselage,  allowing  chemicals  to  penetrate, 
causing  more  rapid  crazing 

This  can  affect  all  airplanes,  but  is  most  common  on  those  that  fly  long  duration 
flights  at  high  northern  latitudes." 


The  aircraft  manufacturer  recommends  the  use  of  "improved  moisture  craze 
resistance  "acrylic  outer  panes  as  replacements.  "Improved  moisture  craze 
resistance"  panes  will  minimize  the  affeas  of  chemicals  as  a  cause  of  crazing. 
When  you  think  about  the  resources  available  to  a  large  aircraft  manufacturer,  I 
have  to  conclude  that  they  failed  completely  to  investigate  the  problem  properly 
and  to  inform  their  customers  corrertly. 

Almost  nothing  in  that  Service  Letter  is  a  true  statement  of  the  facts.  In  the  time 
this  statement  was  made,  it  was  already  obvious  that; 

1)  the  problem  was  occuring  worldwide-primilary  on  long  range  aircraft 
initially,  but  with  strong  indications  that  short  range  aircraft  were  being 
affected,  also, 

2)  chemical  and  particulate  pollutants  ejected  from  volcanoes,  except  perhaps 
the  particulate  pollutant  component,  which  may  cause  abrasion  to  cockpit 
windows  when  flying  through  a  cloud  of  them,  have  never  been  responsible 
for  any  crazing  problems. 

Chemicals  which  later  form  in  the  atmosphere  or  stratosphere  may  be,  at 
least,  partly  responsible  for  some  types  of  crazing. 

3)  Sulfates  do  not  attack  acrylic,  but  some  of  their  components  may  cause 
crazing  before  the  sulfates  are  formed. 

4)  The  connection  to  only  long  range  flights  in  northern  latitudes  could  not  be 
confirmed  because  all  aircraft  flying  all  routes  worldwide  are  affected. 

5)  The  recommendation  to  use  "improved  moisture  craze  resistance"  acrylics 
to  solve  the  problem  was  totally  misleading,  because  some  of  these  acrylics 
were  even  more  affected  than  "standard  moisture  craze  resistant" 
materials. 

One  window  manufacturer  was  even  better  at  providing  misleading  ihformatlbri. 
The  following  advertisement  could  be  found  in  most  aerospace  magazines  just 
recently: 

"Fact:  550  active  volcanoes  •  many  blasting  sulfuric  acid  aerosols  into  the  stratos¬ 
phere  are  adversely  affecting  flying  conditions  for  aircraft.  It  is  a  fact  that  early, 
severe  window  crazing  is  largely  attributed  to  the  destructive  force  of  sulfuric 
acid." 

Of  course  they  had  a  fix  for  that  problem  available. 

But  by  looking  more  closely  and  seriously  at  the  problem,  namely  the  windows, 
the  type  of  crazing  and  the  possible  factors  causing  the  problem,  it  was  already 
obvious  that  something  else  must  be  responsible. 

Materials  which  are  relatively  resistant  to  sulfuric  acid  attack  were  being  severely 
affected,  while  materials  normally  destroyed  by  sulfuric  acid  were  only  slightly 
attacked. 

tncidentally,  the  volcanoes  never  blasted  sulfuric  acid  aerosols  into  the  stratos- 
;)here.  The  blast  contains  various  sulfuric  compounds,  which  are  released  into  the 
if.ver  atmosphere,  later  progressing  upwards  into  the  stratosphere,  where 
sulfuric  acid  forms. 

This  example  is  clear  demonstration  that  close  cooperation  between  all 
-.volved  parties-airlines,  window  manufacturers,  material  manufacturers  and 
Aircraft  manufacturers  is  essential. 

But  there  is  real  doubt  whether  everybody  is  willing  to  be  involved  in  close 
cooperation. 


While  nothing  is  known  about  the  real  factors  or  chemical  elements  causing  these 
problems,  one  major  aircraft  manufacturer  has  already  offered  three  options  for 
future  window  designs. 

At  the  same  time  another  aircraft  manufacturer  has  stated  that,  up  to  now.  they 
have  had  no  information  that  a  problem  even  exists. 

But  it  would  be  totally  unfair  to  blame  the  aircraft  and  window  manufacturers 
alone. 

What  kind  of  help  and  assistance  can  you  expect  from  them,  when  airlines  do  not 
properly  report  their  facts  and  findings  ? 

What  can  you  deduce  when  they  get  reports  from  an  airline,  that  wonders  about, 
and  report  crazing  solely  on  only  one  side  of  an  aircraft  parked  at  an  airport  with 
one  side  lit  by  the  sun  and  the  other  side  in  the  shade  ? 

From  my  experience,  it  would  be  better  if  airlines  discussed  their  problems 
directly  with  the  window  manufacturers  (and  material  manufacturers,  if  desired) 
and  also  kept  the  aircraft  manufacturers  informed. 

It  is  essential  that  the  airlines  handle  window  problems  more  seriously  and  not 
treat  them  as  just  another  maintenance  nuisance. 

And  finally,  coming  back  to  my  original  question; 

"Aircraft  window  problems  -  aircraft  manufacturer’s  assistance  -  help  or 
obstruction  ?  ' 

I  will  conclude  by  saying  that  in  most  cases,  problems  could  have  been  resolved 
more  easily  and  faster,  if  the  aircraft  manufacturers  had  acted  more  responsible 
within  their  area  of  expertise. 

Instead  of  trying  to  solve  the  problems  alone,  the  real  experts,  the  window 
manufacturers  should  have  been  directly  involved.  At  the  outset  this  direct 
contaa  between  airlines  and  window  manufacturers  is  essential,  if  problems  are 
to  be  quickly  and  efficiently  resolved.  -  _ 

In  conclusion  my  answer  to  the  question,  unfortunately,  has  to  be  "Obstruction", 
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Abstract 

A  new  coatirg  system,  developed  by  PPG  for  glass  airoaft  windshield  facing,  repels 
water  and  dramatically  improves  visual  acuity  during  flight  and  taxiing  operations. 
Incorporation  into  the  design  of  a  new  aircraft  may  *dlow  elimination  of  other  types 
of  rain  removal  systems  and  offers  a  significant  weight  savings  (the  coating  will 
weigh  a  few  milligrams).  The  Surface  Seal^M  Coating  System  applies  a  thin  coating 
which  changes  only  the  wettability  and  lubricity  of  the  stuface  and  not  the  optics, 
hardness,  chemical  resistance,  strength,  or  other  property  of  the  glass.  The  coating 
exhibits  an  extremely  low  surface  free  energy  which  reduces  interactions  between 
water  and  the  surface  to  the  point  where  the  water  beads  up  and  rolls  off  due  to  its 
cohesive  nature.  This  coating  has  a  very  high  degree  of  durability,  and  is  expected  to 
provide  enhanced  vision  for  thousands  of  flight  hours. 

Introduction 

For  many  years,  transparencies  have  been  modiHed  to  provide  enhanced  vision 
under  rainy  conditions.  Some  modificatioits  are  based  upon  silicone  polymers 
which  are  applied  to  the  outboard  surface  like  a  wax  and  generally  have  durability  _ 
for  a  few  days.  Another  system,  the  RainBoe<l^  rain  repellent  system,  sprays  a  thin 
coating  on  the  outside  surface  during  flight  which  can  be  reapplied  upon  demand 
(genex^y  within  minutes).  The  RainBoe  system  uses  Freon  113® 
dUorofluorocarbon  as  a  solvent/carrier  which  poses  environmental  hazards.  Freon 
113  exposure  to  pilots  has  also  been  reported  to  catise  physical  impairment  of  the 
pilots  and  has  b^  cause  for  litigation.  (Public  documentation  of  problems  has 
occurred  in  The  Seattle  Times,  December  16, 1990,  and  a  TV  show  "Now  It  Can  Be 
Told"  July  10, 1992.)  Reported  here  is  a  new  system  for  imparting  long  term  water 
shedding  properties  to  the  surface  of  the  glass  and  allows  for  enhanced  visibility  in 
heavy  rains.  The  treatment  system  dtemically  attaches  a  fluorinated  polymer  to  the 
exterior  glass  surface  which  renders  the  surface  water-repellent  or  hydrophobic. 

The  coating  imparts  high  water  repellency  to  dear  rain  quickly  fro*n  the  surface. 

Poor  vision  in  rain  is  a  result  of  a  Rim  of  water  with  varying  thickness  that  distorts 
vision  through  the  transparency  due  to  the  formation  of  varying  lenses.  If  the  water 
cohesively  retracts  from  an  extremely  repellent  surface,  the  majority  of  the  surface  is 
completely  dry  with  normal  vision  ^ough  those  areas.  This  surface  is  more 
repellent  to  common  contaminants  and  is  therefore  an  easier  to  clean  surface. 
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The  coating  is  extremely  thin  (<  200  A)  which  means  the  film  cannot  be  visibly 
scratdied.  The  film  has  never  been  observed  to  aack,  peel,  chip,  craze,  or  haze.  The 
thiimess  is  also  responsible  for  the  lack  of  change  in  optical  properties  such  as  index 
of  refraction,  transmission,  reflection,  or  color.  Finally,  the  strength  of  the  glass  is 
imchanged.  The  only  properties  that  change  are  the  wettability  (surface  energy)  and 
the  coefficient  of  friction  (the  COF  is  reduced). 

The  Surface  Seal^'*  Coating  System  is  based  on  two  materials,  the  Surface  Prep  and 
Coating  Solution  mixtures.  When  applied  to  the  glass  properly,  the  surface  Incomes 
repellent  to  water  and  other  substances.  Other  materials  which  appear  to  wet  the 
siufaoe,  such  as  insect  residues,  are  much  easier  to  remove  from  the  surface. 

Water  repellency  is  based  upon  the  cohesive  forces  within  a  water  drop  whidi  are  in 
competition  with  adhesive  forces  to  any  surface.  A  normal  glass  surface  exhibits  a 
high  affiiuty  for  water  and  the  drop  spreads.  A  plastic  surface  has  fewer  sites  in  the 
surface  which  attract  water  and  more  sites  that  have  no  attraction  for  water, 
therefore,  the  drop  does  not  spread  as  much  on  plastic  compared  to  normal  glass. 
Surface  ^al  Coated  Glass  has  essentially  no  water-attractive  sites  and  therefore,  the 
cohesive  forces  within  water  cause  the  drop  to  self-attract,  bead  up,  and  roll  off.  The 
relative  tendency  to  spread  or  bead  is  thus  dependent  on  the  surface  in  question. 

This  tendency  is  best  evaluated  by  measurement  of  the  contact  angle  of  Ae  vector 
tangent  to  the  profile  of  the  water  drop  originating  at  the  surface.  Higher  contact 
an^es  relate  to  a  more  water  repellent  surface.  Thus,  Surface  Seal  Coated  Glass 
exHbits  a  contact  angle  of  -115®,  tempxsrary  water  repellent  treatments  -95®,  plastic 
surfaces  50-75®  (dependent  on  type  of  plastic  and  aging  of  the  siuface),  and  clean  glass 
0-30®  (depending  on  the  concentration  of  surface  contaminants).  Figure  1. 

Durability 

The  usefulness  of  repellent  coatings  is  very  much  dependent  on  the  durability  of  the 
coating.  Coatings  which  must  be  refurbished  often  add  cost  and  maintenance 
problems.  A  coating  which  lasts  the  life  of  the  part  is  the  ultimate  goal  but  no  sudi 
coating  exists  yet.  The  Surface  Seal  Coating  System  is  the  only  kno^  system  which 
is  expected  to  be  efficient  for  an  extended  period  of  time  to  allow  xnaintenance  and 
refurbishment  at  the  regular  maintenance  intervals  of  the  aircraft.  Durability  is 
evaluated  via  several  accelerated  weathering  tests  and  flight  test  programs. 

Wiper  Abrasion  Resistance.  Testing  was  performed  by  Grimes  Aerospace  Co. 
(Urbana,  OH)  on  a  Boeing  767  right  hand  No.  1  windshield  at  43®  from  vertical. 
Wiper  arm  pressure  was  monitored  and  adjusted  to  16  pounds  presstrre.  Water  flow 
rate  was  adjusted  to  8  gallons  per  hour  per  square  foot  of  glass  area.  Contact  angles 
were  measured  periodically.  At  the  conclusion  of  the  test  strokes),  contact 

angle  averages  of  the  four  measured  areas  decreased  only  to  86®  and  the  wiper  blade 
wac  in  good  shape.  That  value  is  above  the  value  range  of  50  to  60®  that  is 
considered  to  exhibit  acceptable  vision,  Hgtire  2. 
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Rain  Erosion.  A  treated  coupon  was  mounted  on  a  propeller  blade  and  spun  at  high 
speed  with  a  water  spray  equivalent  to  -4  inches  per  hour.  This  test  is  extremely 
severe  and  has  been  noted  to  erode  glass  and  aluminum.  The  contact  angle 
remained  at  '•90‘*  throughout  the  test  which  has  been  correlated  to  be  roughly 
equivalent  to  several  years  of  actual  exposure.  Figure  3. 

UV/Humidity  Resistance.  A  QUV®  tester  (The  Q-Panel  Co.,  Cleveland,  OH)  fitted 
with  UVB-313  lamps  was  used  in  this  test.  The  test  conditions  were  cycles  of  8  hours 
of  relatively  dry  UV  at  65  *C  followed  by  4  hours  of  dark,  high  humidity  (near  100%) 
at  50  The  glass  was  Herculite®  II  glass  (PPG),  tin  surface.  Ten  other  materials 
which  are  temporary  hydrophobic  treatments  (or  claim  to  be  water  repellent)  were 
also  evaluated  in  side-by-side  fashion.  Of  these  treatments,  seven  are  believed  to  be 
silicones,  one  is  believed  to  be  a  hydrocarbon  wax,  most  do  not  specify  composition. 
Periodic  contact  angle  measurements  were  taken.  Surface  Seal  Coated  Glass  is 
shown  to  exhibit  relatively  high  durability.  Figure  4. 

Humidity  Resistance.  A  Q-C-T®  Condensation  Tester  (The  Q-Panel  Co.,  Qeveland, 
OH)  was  operated  at  60  °C  vapor  temperature  near  100%  relative  humidity.  The 
glass  was  Herculite®  n  glass  (PPG),  tin  surface.  The  backsides  of  the  coupons  were 
exposed  to  the  normal  indoor  environment  such  that  moisture  inside  the  chamber 
continuously  condensed  and  ran  down  the  treated  side  of  the  coupon.  The  same  ten 
other  materials  described  in  UV/Humidity  Resistance,  above,  were  also  tested. 
Periodic  contact  angle  measurements  were  taken.  Surface  Seal  Coated  Glass  is 
shown  to  exhibit  relatively  high  durability.  Figure  5. 


Humidity  Resistance  (MIL-STP-810E).  Humidity  testing  was  done  according  to 
MIL“STD“810E,  method  507.3,  Procedure  Dd,  aggravated.  Test  conditions  ranged 
from  60  **C  to  30  *’C  at  95±5%  RH  (85%  RH  minimum  during  ramps)  for  a  total 
period  of  at  least  240  hours.  Before  and  after  contact  angles  were  within 
measurement  accuracy  which  shows  essentially  no  degradation,  Hgure  6. 

Modulus  of  Rupture.  Coupons  were  carefully  selected  and  randomized  from  a 
single  piece  of  glass  of  each  type  and  tempered.  The  thermally  semi-tempered  glass 
was  Herculite<9 1  glass  and  the  chemically  tempered  was  Hercitlite(&  n  glass  (both  are 
products  of  PPG).  The  tin  surfaces  of  ea^  were  tested.  The  OEM  and  refurbishment 
processes  were  compared  to  tmeoated  controls.  Statistically,  the  differences  observed 
were  not  significant.  Thus,  the  coating  had  no  effect  on  the  basic  strength  of  the 
glass.  Figure  7. 

Chemical  Resistance.  Coupons  were  exposed  to  several  materials  common  to  the 
aircraft  industry.  These  induded  1%  nonabrasive  soap,  methyl  ethyl  ketone,  Jet-A 
jet  fuel,  Skydrol9  500  B-4  hydraulic  fluid,  Windex®  glass  deaner,  Coca-Cola^  soda, 
75%  sulfuric  add /water.  Type  I  deidng  fluid,  and  Type  n  deicing  fluid.  Coupons  of 
the  latter  two  fluid  tests  were  partially  immersed  and  partially  exposed  to  the  vapor 
above  the  fluid  (no  difference  was  found  in  the  vapor-exposed  portion).  The  other 
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samples  were  exposed  according  to  a  variation  of  the  test  method  FTMS  406,  method 

6053  (30  minutes  exposure  via  saturated  cotton  pad,  unstressed  since  lov.’  iitress 

levels  are  not  significant  for  glass  substrates).  The  differences  are  all  considered 

minor  and  not  significant.  Figure  8. 

Flight  Experience.  Sever?!  flight  programs  have  been  started-  Details  follow: 

1.  Cessna  Citation  Vn 

W/S  Installed  1/91 
Production  W/S  since  8/91 
FAA  Certification  1/92 
First  Citation  VII  delivery  4/92 

2.  BAe  146  (Air  Nova) 

LH,  RH  #1, 2  W/S  instaUed  4/91 
Inspected:  7/91  at  903  hours 
11/91  at  1410  hours 
7/92  at  3035  hours 
All  windows  remain  effective 

3.  CANADAIR  RJ  Test  Aircraft 

LH  #1,2  installed  5/91,  refurbished  7/93 

4.  deHAVILLAND  DASH  8 

LH  #1  W/S  installed  7/91  (Henson) 

Inspected:  7/92  at  2718  hours 

W/S  remains  effective 
LH#1  W/S  installed  9/91  (Tyrolean) 

Favorable  pilot's  comments  11/91 
-  -  Favorable  pilot's  comments  7/92 
Favorable  pilot's  comments  4/93 

5.  PS»ER  CHEYENNE  (Corporate  Airaaft) 

LH#1  W/S  Installed  9/91 

Favorable  pilot's  comments  4/92 

6.  AIRBUS  A320  (Northwest  Airlines) 

LH  #1  W/S  imtaUed  3/92 
Inspected:  2/93  at  3106  hours 

Coating  is  providing  enhanced  vision 

7.  BOEING  777  test  aircraft  (Ansett  757) 

RH  #1  W/S  coated  on  aircraft  5/92 

Favorable  pilot's  comments 

8.  FAIRCHILD  METRO  (Conquest  Airlines) 

LH  #1  W/S  coated  on  aircraft  6/92 

Favorable  comments  2/93 

9.  AIRBUS  A340  Test  Aircraft 

RH  #1  W/S  installed  9/92 

Favorable  pilot's  comments 
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10.  GULFSTREAM  n  tnd  fV  SP  (Gulfstream) 

LH,  RH  #1  W/S  coated  on  aircraft  10/92 

Favorable  pilot's  comments  3/93 

11.  BOEING  737  (Unjeflyg/SAS) 

Four  RH  W/S  coated  on  aircraft  1/93 
Favorable  comments  4/93 
IZ  BOEING  737  aufthansa) 

RH  W/S  coated  on  aircraft  1/93 

13.  SIKORSKY  S-76  HeUcopter  (Chevron) 

W/S  instaUed  3/93 

Favorable  pilot's  ccinments  7/93 

14.  BEECHJET  400A  (Fish  Eng.  and  Constr.) 

LH  #1  W/S  coated  on  aircraft  3/93 

Favorable  pilot's  comments 


Stanta 

The  Surface  Seal  Coating  System  has  been  commercialized  on  Cessna  Citation  VII 
for  some  time.  V^th  the  B^ing  Company,  the  coating  system  has  been  selected  as 
baseline  for  the  777  aircraft  to  replace  the  RainBoeS  rain  rep>ellent  system.  A 
qualiHcation  program  has  been  completed,  FAA  certiEcation  has  be»  granted  for 
the  737/757/767  airaaft,  and  an  in-service  flight  evaluation  is  scheduled  on  several 
different  models  to  commence  in  the  third  quarter  of  '93.  Upon  approval,  all 
current  Boeing  models  are  to  be  certified  with  Surface  Seal^  Coated  Glass.  OEM's 
and  orators  are  being  introduced  to  the  product  on  a  timely  basis.  ,  - .  - 

Summary 

An  enhanced  vision  system  for  aircraft  transparencies  is  now  available  that  will 
serve  as  a  rain  removd  system.  This  new  system  does  not  require  the  installation  of 
feed  lines,  valves,  or  canisters.  The  weight  of  the  system  once  applied  to  the  glass  is 
on  the  order  of  a  few  milligrams  which  is  less  than  one-millionth  the  weight  of  the 
RainBoe  system  (generally  15-20  pounds).  The  coating  eliminates  the  hazards 
associated  with  the  use  of  Freon  113  in  the  RainBoe  system.  The  coating  can  be 
supplied  on  an  OEM  part  or  applied  to  installed  aircraft  transparencies  and  has  been 
shown  to  be  durable  to  weathering  and  chemicals  for  an  extended  period  of  time. 

The  only  glass  properties  which  change  are  the  wettability  and  the  ooefEdent  of 
friction  (no  changes  to  strength  or  optics).  The  system  is  currently  available  through 
PPG's  Aircraft  P^ucts  bus^ess  unit 


RalnBoaORainiUpaltani^iwnlialndamarkoIttMBoatngConMny,  Fh»n tIM chlorofluorocarbon taa 
t^amark of  DuPont,  QUv’Steaterand  Q-C-TVCondmaadonTmar  arc tiadatnartM of  Tha&Paiw) Company, 
HarcuUta*  I  and  Har^taOII  gUtM*  arc  trademarka  of  PPG  Induttriaa,  Ine.,  Sk^roW  SOC  B-4  hydraulic  la  a 

tradaotark  of  liw  Monaanto  Company,  WindaitO  kUm  daanar  la  a  trademark  of  tha  Drackatt  Co.,  Cora-Cola*  wda  la 
a  tndamaik  of  tha  CocaCktla  Company. 
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Contact  Angles 


Hgure  1.  Contact  angles  of  water  on  glass  and  plastics.  Each  material  has  unique 
surface  properties  that  cause  different  wettabilities. 


Wiper  Abrasion  Resistance 


Hgure  2.  Wiper  Abrasion  Resistance  is  illustrated  by  contact  angle  stability  up  to 
1.5  million  wiper  strokes. 


Rain  Erosion  Resistance 
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Hgure  3.  Resistance  to  rain  erosion  simulation.  Also  shown  is  a  straight  line  which 
is  representative  of  the  wettability  of  a  typical  rain  repellent  immediately  after 
application  without  weathering. 


UV/HumIdIty  Resistance 


Hgure  4.  Comparisons  of  durability  of  Surface  Seal^**  Coated  Glass  and  various 
common  hydrophobic  coatings  under  the  action  of  combined  UV  light  and 
humidity.  Testing  on  HercuUte  II  glass  (tin  side). 
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Humidity  Resistance 


CCO  <hewra) 

Rgure  5.  Comparisons  of  durability  of  Surface  Seal^**  Coated  Glass  and  various 
common  hydrophobic  coatings  under  humidity  only  accelerated  testing.  This  is  a 
severe  test  for  many  coatings.  Testing  on  Herculite  n  glass  (tin  side). 


Humidity  Resistance 


ia>T  aMfora  bAIIk 


Rgure  6.  Cyclic  humidity  testing  of  Surface  Seal  Coated  Glass  on  Herculite  I 
(thermal  sei^-temper)  and  Her^te  n  (chemically  tempered)  glasses  (both  tin  and 
atmosphere  sides,  both  OEM  and  refurbishment  processes  used).  Tbst  according  to 
MIL-STD-810E,  Method  5073,  Procedure  m,  aggravated. 
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Modulus  of  Rupture 


Figure  7.  Modulus  of  rupttu-e  data  (units  of  PSI)  of  uncoated,  OEM-coated,  and 
re^bishment-coated  Surface  Seal  Coated  Glass  on  Herculite  I  (thermally  semi- 
tempered)  and  HercuUte  II  (chemically  tempered)  glasses  (tin  side  only  since  this 
side  is  generally  the  weaker  side). 


Chemical  Resistance 


Figure  8.  Exposure  of  Surface  Seal  Coated  Glass  for  30  minutes  to  various  chemicals 
via  a  cotton  pad.  For  simplicity,  the  data  represents  the  average  of  Herculite  I  and 
Herculite  II  passes  (both  tin  and  atmosphere  sides,  both  OEM  and  refurbishment 
processes  us^). 


SCRATCH  RESISTANT  COATINGS  FOR  AIRCRAFT  TRANSPARENaES 
PREPARED  BY  PLASMA  POLYMERIZATION 


A.  Baalinann 
H.  Stuke 
K.  D.  Visaing 
Fraunhofer-Institut  IFAM 
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Scratch  Resistant  Coatings  For  Aircraft 
Transparencies  Prepared  By  Plasma  Polymerization 


A.  Baaltnann.  H.  Stuke,  K.D.  Vissing 

Fraunhofer-Institut  IF  AM,  Lcsumer  HeerstraBe  36,  D-28717  Bremen, 
Germany 


Abstract 


Good  adherent,  transparent  coatings  were  deposited  in  a  plasma 
polymeri/ation  process  on  PMMA  and  PC  substrates.  Therefore  a  reactor 
with  1  m^  voU'me  was  used. 

HMDSO  was  provided  as  the  monomer  gas  and  by  the  admixture  of  O2  the 
composition  of  the  coating  was  varied  and  a  gradient  structure  obtained.  This 
was  investigated  by  IR  -  spectroscopy  and  XPS  measurements. 

Abrasion  resistance  was  tested  with  the  taber  abraser  method.  The  failure 
mode  was  recorded  by  SEM*  micrographs. 

A  superior  performance  of  coalings  with  gradient  structure  (600  cycles: 
Haze  -  6  •/•  for  PMMA,  5  •/*  for  PC)  compared  to  homogeneous  films  is 
obtained. 


Introduction 


The  technology  of  low  temperature  plasmas  offers  a  large  area  of 
applications  for  polymers.  One  field  of  application  are  scratch  resistant  hard 
coatings  on  polymer  substrates.  For  an  improved  scratch  resistance  it  is 
possible  to  generate  coatings  with  gradient  structure  in  a  plasma 
polymerisation  process.  Furtheron  the  direct  combination  of  plasma 
activation  and  cleaning  processes  with  film  deposition  in  the  :ame  reactor 
seems  to  be  advantageous. 

In  the  past,  few  attempts  have  been  made  to  use  plasma  polymerized  films 
--.-for  abrasion  reristant  coating  of  polymers.  But  only  homogeneous  films  were 
tested.  Because  such  a  coating  should  have  high  hardness  at  the  outer  surface 
and  should  be  ductile  and  good  adherent  to  the  substrate  in  the  interface 
region,  a  film  with  gradient  structure  promises  improved  abrasion  resistance 
over  homogeneous  films. 

Plasma  polymerized  coatings 

In  Fig.  I  the  schematically  set  up  of  the  plasma  reactor  used  is  shown.  In  this 
reactor  the  plasma  is  generated  by  an  RF-discharge  between  two  parallel 
electrodes.  With  the  aid  of  a  directly  coupled  mass  spectrometer  and  with 
optical  emission  spectroscopy  (OES)  it  is  possible  to  have  a  look  at  the 
plasma  polymerization  reactions  when  the  plasma  is  active.  The 
monomer/gas  inlet  is  operated  by  gas  flow  controllers  that  are  computer 
controlled. 


Plasma  polymerized  films  were  deposited  on  stretched  acrylic  (PMMA  249, 
Rohm)  and  polycarbonate  (PC  Maicrolon,  Bayer)  substrates.  For  both  types 
of  substrates  the  following  process  steps  were  performed; 

o  cleaning  and  rinsing  in  water  based  solutions 
o  drying  (in  vacuum) 

o  plasma  surface  activation  in  an  02/ Ar  •  atmosphere 
o  deposition  of  plasma  polymerized  film, 

HMDSO-monomer  +  O2 

Two  types  of  plasma  polymers  were  generated;  a  homogeneous  film  and  a 
film  with  a  gradient  structure.  For  the  gradient  structure  the  gas  composition 
-  as  well  as  the  plasma  parameters  were  changed  in  several  steps.  The  first 
layer  of  the  film  has  to  fit  best  the  mechanical  properties  of  the  substate  with 
best  adherence,  whereas  the  deposited  top  layer  should  be  as  hard  as 
possible.  Since  such  a  structure  is  better  adjusted  to  the  needs  of  scratch 
resistance  an  improved  behaviour  is  expected  compared  to  any  type  of 
homogeneous  film. 

Infrared  spectra 

In  Fig.  2  the  IR*spectra  of  a  plasma  polymerized  film  from  HMDSO- 
monomer  without  oxygen  admixture  and  a  film  from  HMDSO-monomer 
with  oxygen  admixture  are  shown.  Strong  differences  between  these  spectra 
are  recognized.  Without  oxygen  admixture  a  lot  of  characteristic  features  of 
the  starting  monomer  HMDSO  are  present. 
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These  IR-bands  indicate,  that  the  degree  of  fragmentation  of  the  monomer  is 
low.  The  plasma-polymer  consists  basically  of  a  low  fragmented  HMDSO- 
structure  that  is  highly  cross  linked 

In  the  IR-spectruni  of  the  film  with  oxygen  admixture  several  of  the  above 
mentioned  IR-bands  are  missing.  Especially  the  bands  of  the  methyl  group 
and  its  fragment  CH^  are  completely  absent.  The  remaining  structures  may 
be  attributed  to  a  strong  Si-0  band  and  a  silicon-carbon  structure  that  may 
contain  some  remaining  hydrogen. 


EiemenUl  ccinpositicn 


The  elemental  composition  for  the  coatings  was  determined  by  XPS.  Fig.3 
gives  the  composition  of  the  same  type  of  coating  with  oxygen  adtnixture 
that  corresponds  to  the  IR-spectrum  in  Fig.2  (bottom).  Hydrogen  is 
excluded  in  the  calculation  because  it  is  not  detected  by  XPS. 

The  oxygen  content  of  this  plasma  polymer  is  much  higher  than  that  of  the 
starting  HMDSO-monomer  and  it  is  similar  to  quartz  glass,  indicating  the 
strong  inorganic  character  of  this  coating  type. 

At  the  same  time  the  carbon  content  of  67  at  %  in  the  ttonomer  is  decrease J 
to  <  10  at  %  in  the  coaling.  From  XPS  detail  scans  it  can  be  concluded  that 
the  remaining  carbon  in  the  coating  belong:  to  Si-C  like  chemicai  bonds. 

These  results  correlate  very  well  with  the  IR-measurements  and  in  summary 
it  was  found  that  the  HMDSO-plasma  polymer  with  oxygen  admixture  has  a 
highly  cross  linked  structure,  mainly  with  Si-02  lixe  bonds  and  a  small 
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content  of  Si-C  like  bonds.  Both  types  of  bonds  are  interconnected  and  form 
an  amorphous  structure  that  contains  some  (li'tle)  remaining  hydrogen  from 
the  starting  monomer. 


Abrasion  resistance 

The  abrauon  resistance  of  coated  PMMA-  and  PC>sampIes  was  determined 
by  the  Taber  abraser  method.  This  test  was  done  in  accordance  to  DIN  52 
347E,  using  CS-lOF  wheels  and  a  load  of  2.7  N. 

In  this  test  the  sample  surface  is  exposed  to  a  complex  combination  of  shear 
and  tensile  stresses.  For  coatings  with  a  thickness  of  a  few  pm  the  stress  on 
the  surface  of  the  coating  is  transferred  to  the  boundary  between  the  original 
substrate  and  the  deposited  thin  film.  Tltis  boundary  layer  is  heavily  loaded 
and  a  scratch  resistant  thin  coating  requires  good  adhesion  and  must  fit  to  the 
mechanical  properties  of  the  substrate. 

In  order  to  record  the  type  of  failure  that  occurs  in  the  Abraser  test,  SEM- 
micrographs  were  taken  from  the  surface  of  the  samples.  Figs.S  and  6 
provide  typical  micro  graphs  of  coated  PMMA  an  PC  samples.  For  both 
types  of  samples  a  strong  influence  of  the  substrate’s  properties  on  the  failure 
mode  must  be  recognized.  Obviously  the  scratches  were  propagated  from  the 
surface  to  the  substrate  material.  Scratches  that  are  only  present  in  the 
coating  were  not  observed. 

The  failure  mode  of  the  coating  on  PMMA  is  loss  of  adhesion.  Nevertheless 
the  scratch  resistance  is  good  (see  below)  and  the  coatings  have  passed  the 
tape  adhesion  test  by  100  %.  If  the  samples  were  loaded  with  more  cycles 


%  after  600  cycles,  whereas  uncoated  PMMA  shows  already  16  %  A  Haze 
after  50  cycles  in  this  test.  The  improvement  in  scratch  resistance  obtained  by 
the  application  of  plasma  polymerized,  graded  films  on  PMMA  is  quite  high 
and  our  preliminary  results  are  encouraging.  With  respect  to  the  low  film 
thickness  of  only  I,S  pm  a  further  improvement  in  scratch  resistance  seems 
to  be  possible. 

Almost  the  same  improvement  in  scratch  resistance  is  observed  for  coated 
PC  with  gradient  structure  of  the  coating  system.  In  Fig.  10  the  results  of  A 
Haze  measurements  for  such  a  system  are  given.  After  600  cycles  in  the 
abrasion  test,  A  Haze  amounts  to  5%,  which  is  a  good  scratch  resistance  for 
PC. 

Conclusions 

0  A  plasma  polymerized  coating  generated  from  HMDSO  monomer  +  O2 
was  developed  with  a  gradient  film  structure 

0  Coating  thickness  ranges  below  2  pm 

0  Typical  deposition  rate  is  about  10  nm/min 

0  Stretched  acrylic  and  PC  substrates  were  plasma  activated  and 
immediately  coated  with  plasma  polymer 

0  Between  the  RF-  electrodes  a  good  homogeneity  in  thickness  is  obtained 
in  a  large  fraction  of  the  inter  electrode  distance  (  10*  90  % ) 

0  Taber  abrasion  resistance  of  PMMA  and  PC  is  strongly  enhanced  by  the 
coating 
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0  Plasma  polymers  with  gradient  structure  are  superior  to  homogeneous 
plasma  polymerized  films 

0  Further  work  of  development  is  necessary  to  take  advantage  of  the 
technical  potential  of  plasma  polymers  for  transparencies 

i 
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Fig.  5 


PMMA,  coated  HMDSO  +  O2 
Taber  Abraser,  2.7  N  load,  50  cycles 
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Taber  Abrasion  Resistance 
PMMA  with  plasma  polvmeriz 


Wavelength  [nm] 


Taber  Abrasion  Test 
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ABSTRACT 


Slarraeln/Sytmar'a  S<243  it  a  waatharabla,  ductila  polyurathana>baaad  protactiv* 
coatlr}g  ayatam.  Tha  ayatam  providaa  ln>aarvica  protactlon  for  tha  alactricalty 
conduedva  coadnsa  auch  aa  gold  and  indium  dn  oxida,  aa  wail  aa  tha  outar  acrylic 
and  poiycarbonata  aurfacaa  of  advanced  aircraft  tranaparanciaa  with  wxcailant 
maintainability  and  optica.  S>243  offers  significant  advantagas  over  tha  acrylic  and 
poiycarbonata  substrates.  Tha  advantages  include  superior  weatherablUty  and 
exceiient  resistance  to  abrasion,  soivent/  chemicais  and  cradng.  Tha  test  raeuKs, 
propardaa  md  performance  of  S>243  with  rest>«v»  to  its  superior  adhesion,  craze 
raaistanca  und  environmental  protecdon  of  aircraft  trat»parancies  are  discussed. 
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INTRODUCTION 


Coatings  have  been  used  for  surface  modification  of  metallic 
materials  with  great  success  in  aerospace  and  other  high  technology 
applications  for  many  years.  Metals  have  been  treated  with  various 
coatings  to  modify  the  original  surface  to  improve  hardness,  wear 
resistance,  corrosion  resistance  and  to  provide  resistance  to 
chemical  attack.  In  these  applications  the  surface  coating  has 
enhanced  the  properties  of  the  underlying  material  by  addition  of 
a  physically  similar  but  chemically  superior  material  to  the 
surface  or  by  chemically  changing  the  initial  metal  surface  through 
chemical  reaction. 

In  the  case  of  coatings  for  plastic  materials,  the  use  of  a 
physically  or  chemically  similar  material  to  protect  the  substrate 
to  be  modified  has  proven  unacceptable  since  it  is  these  very 
properties  which  are  undesirable  in  the  basic  substrate.  One 
approach  has  been  to  provide  plastics  with  a  *glass-ltke’  hard 
coating  in  hopes  of  Imparting  the  desirable  properties  of  glass  to 
plastics.  Unfortunately,  the  very  nature  of  the  coating  concept, 
i.e.  a  thin  (less  than  one  mil)  surface  covering  with  substantially 
different  properties  to  the  substrate,  has  produced  less  than  the 
desired  results.  The  hard  coatings  do  substantially  modify  the 
surface  but  are  too  thin  to  protect  the  underlying  softer  plastics 
from  damage  from  puncture,  cuts  and  physical  impact.  The  coatings 
are  too  thin  to  orfer  real  mechanical  protection  and  are  subject  to 
fracture  due  to  differences  in  thermal  expansion  between  coating 
and  substrate.  ^hese  materials  are,  however,  able  to  improve 
weatherabillty,  abrasion,  and  solvent  resistance  due  to  their 
glass-like  chemistry.  Softer  coatings,  such  as  those  based  on 
acrylate,  polyester  and  polyurethane  chemistry,  applied  by  thin 
surface  apolications  are  unable  to  provide  long  lasting  protection 
from  all  of  the  environmental  hazards  endemic  to  modern,  high 
performance  aircraft  transparencies.  These  softer  coatings  are 
more  extensible  and  abrasion/ impact  resistant  than  their  hard 
counterparts;  but,  they  suffer  from  mediocre  solvent  and  rubbing 
abrasion  resistance.  In  general,  the  softer  materials  have  not 
performed  as  well  when  exposed  to  exterior  environments,  namely 
ultraviolet  light  and  humidity. 

These  deficiencies  in  coating  materials  for  optical  transparencies 
have  caused  the  industry  to  look  to  laminated  outer  plies  of 
acrylic  or  glass,  with  some  success,  for  protection  of  structural 
components.  The  mystique  of  the  thin  coating  concept,  with 
substantially  simpler  processing,  savings  in  weight,  and  the 
potential  for  improved  optics,  has  survived  in  hopes  of 
technological  Improvements  which  would  make  the  concept  viable. 
Recent  advances  appear  to  have  answered  this  need. 

Sierracin/Sylmar  Corporation’s  S-243  coating  system  has  been 
developed  to  combine  the  beneficial  effects  of  the  prior  coatings 
while  eliminating  the  technical  drawbacks  exposed  in  field  service 
of  those  same  materials.  S-243  was  developed  to  be  versatile,  i.e. 


511 


/ 


SM?jr,SBa.^g£^g!!5sa5!!!'ir  a 


/ 

/ 


it  can  be  applied  to  a  variety  of  substrates,  acrylic, 
polycarbonate,  and  metals,  and  to  perform  optically  at  increased 
thickness  compared  to  prior  coatings.  Since  no  one  material  can  be 
expected  to  -fulfil  the  requirements  of  adhesion  to  a  variety  of 
substrates,  the  coating  system  was  engineered  to  combine 
elastomeric,  extensible,  chemical  and  abrasion  resistant  topcoat 
with  various  undercoats,  primers  or  tiecoats,  to  achieve  the 
versatility  goal.  The  data  presented  in  this  study  validates  the 
technical  approach  taken  to  provide  the  advanced  transparency 
industry  with  a  superior  and  cost/weight  effective  product. 

S-243  PROTECTIVE  COATING  SYSTEM 


The  S-243  protective  coating  system  is  comprised  of  a  proprietary 
universal  primer,  FX-217,  and  an  aliphatic,  highly  crosslinked 
urethane  topcoat,  FX-216,  which  is  covalently  bonded  to  the  FX-217 
primer.  The  benefits  of  the  primer  in  the  S-243  system  are: 

(a)  To  promote  the  adhesion  of  FX-216  urethane  coating  to  plastic 
and/or  metallized  plastic  surfaces  and  to  retain  the  adhesion 
after  environmental  exposures. 

(b)  To  enhance  weatherability  of  the  underlying  layers  and  the 
substrate. 

(c)  To  improve  the  solvent  resistance  of  FX-216.  This  effect  is 
more  pronounced  when  the  thickness  of  FX-216  is  in  the  range 
of  0.5  to  3  mils. 

/d)  To  protect  the  substrate  surface  from  the  aggressive  materials 
and/or  solvents  of  FX-216  during  the  casting  and/or  flow 
coating  application. 

(e)  To  increase  the  surface  energy  of  the  substrate  in  order  to 
enhance  the  surface  flow  and  wetting  properties  of  FX-216. 
This  increase  results  in  superior  leveling  and  cosmetics  of 
FX-216. 

The  primer  is  applied  onto  the  substrate  by  flow  coating  technique 
and  cured  before  the  application  of  FX-216. 

The  FX-216  topcoat  is  responsible  for  most  of  the  protecti'^e 
properties  of  the  S-243  system.  The  benefits  of  the  topcoat  are: 

(a)  Excellent  abrasion  resistance 

(b)  Good  dust  erosion  resistance 

(c)  Excellent  hydrolytic  stability 

(d)  Excellent  ultraviolet  light  (UV)  stability 

(e)  Excellent  chemical/solvent  resistance 
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(f)  Excellent  chemical  stress  craze  resistance 

(g)  Good  elongation  and  ductility 

(h)  Good  rain  erosion  resistance 

After  a  short  review  of  polyurethane  chemistry  and  its 
manufacturing  methods,  and  application  procedures  of  FX-216,  the 
attributes  of  the  S-243  system  on  different  substrates  will  be 
discussed. 

POLYURETHANES 


Polyurethanes,  and  the  closely  related  polyureas,  are  the  products 
of  the  reaction  of  isocyanates  with  the  active  hydrogen  containing 
compounds.  The  most  common  route  for  the  synthesis  of  such 


polymers  is  the  addition/step-growth  polymerization  of  isocyanates 
by  reaction  with  di-  and  polyfunctional  hydroxyl  compounds  with  di- 
or  polyisocyanates.  When  difunctional  reactants  are  used,  linear 
polyurethanes  are  produced,  whereas  branched  or  crosslinked 
polymers  are  obtained  when  the  functionality  of  the  reactants  is 
raised  to  more  than  two. 


Chemistry  of  Polyurethanes 

All  urethane  compositions  can  be  broken  into  three  major 
components:  isocyanate(s) ,  polyglycol  (backbone  material),  and  the 
chain  extender  or  crosslinker  portion. 

Even  though  the  main  reaction  product  is  the  urethane  linkage, 

'  i'  other  types  of  isocyanate  reactions  may  be  occurring  in  a  system. 

,i  ,  This  possibility  is  most  pronounced  at  elevated  temperatures  and  in 

the  presence  of  certain  catalysts.  The  reactions  taking  place  with 
,  /  isocyanates  can,  in  general,  be  divided  into  two  main  classes: 

r/  , 

-  /  '  ,  ■  (1)  The  reaction  of  isocyanates  with  compounds  containing  reactive 

'  hydrogen 

These  compounds  Include  water  as  well  as  hydroxyl  and/or  amino 
functional  compounds  to  give  additional  products.  These 
reactions  can  further  be  classified  into  two  groups: 

(a)  The  primary  addition  of  Isocyanates  to  active  hydrogen 
compounds  (Figure  1). 

(b)  The  secondary  addition  reactions  involving  active 
hydrogen  in  the  primary  products  and  the  Isocyanates 
(Figure  2). 

Although  these  secondary  reactions  occur  to  a  relatively  small 
extent  by  comparison  with  primary  reactions,  the  importance  of 
these  reactions  should  not  be  underestimated.  For  example, 
formation  of  allophanates  and  particularly  biurets,  is  responsible 
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for  introducing  crosslinks  and  branches  in  the  polymer  network 
which  could  influence  the  properties  of  polyurethane  liners  and/or 
coatings  considerably. 


Isocyanates,  especially  aromatic  based  constituents,  can  react 
with  themselves  to  form  dimers,  or  "uretidine  diones".  They 
can  also  be  polymerized  to  form  carbodiimide,  and  1 -nylon 
structures.  Both  aliphatic  isocyanates  and  aromatic 
isocyanates  form  trimers,  or  "isocyanurates" .  These  reactions 
are  presented  in  Figure  3.  These  types  of  reactions  may  also 
give  rise  to  branching  and  crosclinking  in  the  polymer  chains 
and  thereby  influence  the  properties  of  the  resulting 
polyurethanes. 


Thermoplastic  polyurethanes  are  randomly  segmented  copolymers 
consisting  of  essentially  linear  polymer  chains.  The  structure  of 
these  chains  is  predominately  comprised  of  relatively  long, 
flexible,  "soft"  chain  segments  which  have  been  Joined  end-to-end 
by  rigid  'hard*  chain  segments  through  covalent  chemical  bonds. 
Tne  "soft*  segments  are  diisocyanate-coupled,  low  melting 
macroglycols  generally  with  a  molecular  weight  of  between  600  and 
3000.  The  "hard“  segments  include  single  diurethane  bridges 
resulting  when  a  diisocyanate  molecule  reacts  with  a  macroglycol, 
but  more  particularly  they  are  the  longer,  high  melting 
polyurethane  chain  segments  formed  by  the  reaction  of  diisocyanate 

_ with  the  small  glycol  chain  extender  component,  such  as  1,4-. 

butanediol. 


The  polar  nature  of  the  rigid,  hard,  urethane  chain  segments 
results  in  their  strong  mutual  attraction  through  the  hydrogen 
bonding  as  shown  in  Figure  4.  This  interaction  induces  aggregation 
and  ordering  into  crystalline  domains  in  the  polymer  matrix  (Figure 
6) .  The  net  effect  of  hydrogen  bonding  is  to  tie  together  or 
•virtually  crosslink*  the  linear  polyurethane  chains.  That  is,  the 
primary  polyurethane  chains  are  crossllnked  in  effect,  but  not  in 
fact.  these  types  of  crosslink  units  can  be  disassociated  at 
higher  temperatures  to  reform  the  material's  thermoplastic 
character.  Due  to  this  effect,  polyurethanes  display  the 
properties  of  strong,  vulcanized  rubbers  over  a  practical  range  of 
use  temperatures. 


Hydrogen  bonding  is  a  relatively  labile  chemical  bond  which  can  be 
broken  reversibly  with  heat  and,  depending  upon  polymer 
composition,  with  solvation  (Figure  5).  This  phenomenon  offers 
many  processing  alternatives  for  thermoplastic  polyurethanes. 
Thermal  energy  great  enough  to  (reversibly)  break  hydrogen  bonds, 
but  too  low  to  appreciably  disrupt  the  strong  covalent  chemical 
bonds,  can  be  applied  to  extrude  or  mold  the  polymers.  Dissolving 
the  polymer  in  a  solvent  which  reversibly  breaks  the  hydrogen  bonds 
makes  the  polymer  suitable  for  coating  applications. 


ie  polymer  suitable  for  coating  applications. 
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The  hard  segment  imparts  rigidity,  hardness,  and  strength  to  the 
polymer  through  hydrogen  bonding.  The  concentration  of  the  hard 
segment  is  controlled  by  the  total  NCO  content.  The  soft  segments 
increase  the  flexibility  and  reduce  the  modulus  of  the  elastomer. 
They  also  have  a  significant  affect  on  the  glass  transition 
temperature  (Tg),  environmental  resistance,  chemical  resistance, 
and  low  temperature  properties.  This  segment  is  controlled  by  the 
type  and  the  molecular  weight  of  the  macroglycol.  Hydrogen  bonding 
restricts  the  mobility  of  the  macroglycol's  long  chains  and  reduce 
their  ability  to  organize  into  crystalline  lattices.  As  a 
consequence,  the  soft  segments  remain  as  amorphous  or  semi -ordered 
regions  in  the  polymer  network.  The  hard  and  soft  segments  are 
generally  incompatible  due  to  insolubility  of  the  hard  segment  in 
the  soft  segment  at  room  temperature.  This  insolubility  :.s  known 
as  phase  separation.  The  degree  of  phase  separation  displays  a 
great  influence  on  the  properties  of  elastomers. 

With  incorporation  of  crosslinkers,  such  as  multifunctional 
hydroxyl  compounds  and  multifunctional  isocyanates,  thermoset 
polyurethanes  are  formed.  Increasing  the  degree  of  crosslinking  of 
an  amorphous  polyurethane  oenerallv  increases  the  rigidity, 
softening  point,  and  modulus  of  the  polyurethanes  and  reduces 
elongation.  Largely  crystalline  polymers  may  be  affected 
differently  by  small  increases  in  crosslinking.  A  few  crosslinks 
may  reduce  crystallinity  by  reducing  chain  orientation,  changing  a 
high-melting,  hard,  dense  crystalline  polymer  into  a  more  elastic, 
softer,  amorphous  material  with  improved  solvent  resistance. 

Typical  Isocyanates  and  Macroolvcols  , , 

A  fairly  wide  range  of  diisocysnates  are  available  which  offer  a 
broad  range  of  properties  in  a  host  of  applications.  They  may  be 
categorized  as  difunctional  vs.  polyfunctional,  aromatic  vs. 
aliphatic  and/or  monomeric  vs.  oligomeric.  Aliphatic  isocyanates 
have  superior  hydrolytic  and  UV  resistance.  Examples  of  aliphatic 
dl-  and  multifunctional  isocyanates  are  shown  in  Figure  6. 

Different  classes  of  hydroxyl  containing  macroglycols  are  available 
commercially.  They  include  polyether,  polyester,  polycarbonate, 
polydimethylsiloxane,  and  polythioether  based  glycols  as  presented 
in  Figure  7.  Each  macrogiycol  imparts  its  own  specific  physical 
properties  such  as  abrasion  and  solvent  resistance,  hydrolytic 
stability,  resistance  to  UV  light,  and  high/low  temperature 
performance  in  the  polyurethane  systems. 

Typical. Chain  Extenders/Crosslinkers 

Variations  in  the  structure  of  the  chain  extender  alter  the 
characteristics  of  the  hard  segment  and  thus  has  a  considerable 
effect  upon  the  overall  properties  of  the  polymer  matrix.  The 
symmetrical  and  nonbranched  aliphatic  diol  extenders,  such  as  1,4- 
butanediol,  provide  efficient  hydrogen  bonding  and  chain  alignment 
resulting  in  rigid  structures  in  polyurethanes.  Typical  chain 
extenders  and  crosslinkers  are  shown  in  Figure  8. 
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Catalysts  and  Additives 


\ 
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"  \  Catalysts  play  an  important  role  in  the  preparation  of 

polyurethanes.  They  not  only  shorten  the  reaction  time,  but  also 
direct  the  course  of  various  isocyanate  reactions  during  the 
preparation. 

UV  absorbers/stabilizers  are  added  to  absorb  the  UVA  and  UVB 
radiations  from  the  sun  and  to  increase  the  resistance  of  urethane 
coatings  to  yellowing/degradation  and,  in  general,  to  improve 
outdoor  durability. 

Antioxidant  compounds  are  basically  free  radical  scavengers  which 
are  added  to  the  urethane  systems  to  improve  resistance  to  thermal 
oxidations. 


Plow  control  agents  such  as  silicones  and  cellulose  acetate 
butyrates  are  used  to  enhance  leveling  and  to  avoid  cratering  and 
formation  of  other  coating  defects  in  urethane  coatings. 

Stabilizers  have  been  used  to  complex  with  the  catalyst  and 
increase  the  shelf-life  of  the  formulations  by  retarding  the 
isocyanate  and  hydroxyl  reaction. 

Solvents  are  typically  required  for  the  flow-coatable  compositions. 
The  film  integrity,  appearance  and  application  are  significantly 
affected  by  the  nature  of  the  solvent  mixture  even  though  the 
solvents  are  not  a  permanent  component  of  these  compositions.  The 
evaporation  rate  of  the  solvent  mixture  must  be  adjusted  so  that 
evaporatiorv-takes  place  quickly  during  the  initial  drying  (after 
flow  coating  application)  to  prevent  excessive  flow,  but  slowly 
enough  to  give  sufficient  leveling  and  adhesion.  Solvents  used 
should  be  free  from  alcohol,  acid,  water,  and  components  which 
react  with  Isocyanates.  Solvents  also  influence  the  reaction  rate 
of  isocyanate-alcohol  reactions  which  are  dependent  on  the 
hydrogen -bonding  and  dipole  moment  character  of  the  solvents. 

M9ntiffl<?tyr9,  .M9th9<as 

There  are  three  major  methods  for  producing  polyurethanes;  one 
shot,  quasi  prepolymer  and  prepolymer. 

One  Shot  Method  -  In  this  method  macroglycol,  diisocyanate,  and 
crosslinking  components  are  mixed  and  reacted  at  one  time.  The 
chain  extending  and  crosslinking  reactions  proceed  simultaneously. 

Quasi  Prepolvmer  System  •  The  isocyanate  and  part  of  the 
macrogiycol  are  combined.  The  extender  and  the  rest  of  the 
macroglycol  material  are  then  mixed  and  reacted. 

PreDolvmer  Method  -  The  macrogiycol  is  prereacted  with  the 
diisocyanate  to  give  a  prepolymer  which  is  then  combined  with  the 
extender  and/or  crosslinker. 
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All  these  manufacturing  methods  have  been  used  to  produce 
production  polyurethanes  at  Sierracin/Sylmar. 

APPLICATION  PROCEDURES  OF  S-243 

Three  different  techniques  have  been  used  at  Sierracin/Sylmar  to 
apply  the  S-243  system  onto  the  substrates. 

(1)  Cast  in  Place  IC.l.P. I  -  FX-216  (100%  solids)  is  directly  cast 
onto  the  primed  substrate  to  give  a  protective  liner  with  a 
controlled  thickness  of  between  0.001  and  0.025  inches.  This 
application  technique  offers  excellent  adhesion  due  to  the 
chemical  reaction  between  FX-216  and  FX-217  primer.  However, 
applying  the  liner  onto  compound  curved  parts  is  difficult  due 
to  the  necessity  for  curved  optical  burfers. 

(2)  Casting  and  Subsequent  Lamination  -  FX-216  is  first  cast  into 
sheet  at  a  desirable  thickness  of  between  0.001  to  0.025 
Inches  and  subsequently  laminated  to  FX-217  primed  substrate. 
This  time-consuming  process  gives  inferior  adhesion  compared 
to  the  C.I.P.  technique.  The  liner  laminated  to  a  flat  part 
is  subsequently  formed  into  the  desired  shape  if  needed. 

(3)  Flow  Coating  -  This  technique  is  by  far  the  easiest  and 
cheapest  application  procedure.  Solvents  are  used  to  decrease 
viscosity  and  to  improve  surface  flow.  With  this  technique, 
S-243  can  be  applied  to  any  type  of  part  with  minimum 
difficultly  and  excellent  adhesion  and  optics. 

Variation  in  the  concentration  of  the  components  of  FX-216 
composition  results  in  a  wide  range  of  physical  properties. 
However,  all  the  reported  results  in  this  paper  are  based  on  one 
specific  formulation  for  FX-216  which  is  applied  by  flow  coating 
technique,  unless  specified. 

PROPERTIES  OF  S-243  ON  ACRYUC  AND  POLYCARBONATE  SUBSTRATES 

The  S-243  coating  system  has  been  applied  to  as -cast  acrylic 
(PMiyiA),  stretched  acrylic  (S-1000),  and  polycarbonate  (PC) 
substrates  and  thoroughly  tested  for  abrasion,  environmental, 
chemical/solvent,  and  craze  resistance.  The  results  are  documented 
in  the  following  sections. 

Crosshatch  Adhesion 

To  determine  the  adhesion  of  the  coating,  100  uniform  squares  were 
scribed  into  curing  film  using  a  scribe  with  11  equally  spaced  (1 
mm)  parallel  blades.  3M*s  #600  pressure-sensitive  tape  was  then 
applied  to  the  scribed  area  and  rapidly  pulled  away  from  the 
substrate.  The  tape  pull  was  repeated  10  times  using  a  fresh  tape 
for  each  pull.  The  adhesion  was  recorded  as  the  approximate 
percentage  of  squares  remaining  after  tape  removal  from  the 
surface.  This  method  is  similar  to  one  described  in  ASTM  0  3359- 


87.  The  coating  system  demonstrates  100%  adhesion  with  3M's  #600 
tape  after  10  tape  pulls  (Table  1). 

Baver  Abrasion  Resistance  fASTM  F735-831 

The  Bayer  abrader  test  has  been  used  to  evaluate  the  ability  of  a 
surface  to  resist  scratching  and  rubbino  erosion.  The  test  has 
been  adopted  by  ASTM  as  a  standard  abrasion  test  method  for 
abrasion  resistance  of  transparent  plastics  used  in  aircraft 
glazing.  The  test  consists  of  quartz  silica  sand  oscillating  over 
the  test  specimen  surface.  The  amount  of  surface  haze  induced  in 
the  panel  is  a  measure  of  abrasion  resistance.  The  comparative 
data  after  600  strokes  (300  cycles)  for  as-cast  acrylic  (PMMA), 
stretched  acrylic  (S-1000),  polycarbonate  (PC),  and  these 
substrates  coated  with  S-243  is  shown  in  Table  1.  The  results 
indicate  that  the  Bayer  abrasion  resistance  of  S-243  is  markedly 
superior  to  the  plastic  substrates. 

Taber  Abrasion  Resistance  (ASTM  D-1044-901 

The  Taber  abrader  test  is  a  widely  used  method  for  plastics.  This 
test  consists  of  two  grit-filled  rubber  wheels  to  which  a 
predetermined  weight  is  applied.  The  wheels  abrade  the  substrate 
surface  as  it  rotates  on  a  table.  Increase  in  haze  is  used  as  the 
criteria  for  measuring  the  severity  of  abrasion.  The  test  results 
after  100  cycles  using  CS-10F  wheels,  500  g  load,  are  provided  in 
Table  1.  The  data  indicates  that  S-243  has  excellent  Taber 
abrasion  resistance. 

UV/Humlditv  Resistance  -  -  — . - . - 

The  coating  was  subjected  to  UV  radiation  exposure  in  a  Q-panel  QUV 
chamber  in  the  form  of  UV/condensing  humidity  cycling  from  104*  F 
(40'’ C) /dry/313  nm  peak/5-10  suns  to  122*F  (^50* C)/ 95 -100%  RH  by  a 
method  modelled  after  that  found  in  ASTM  053-84.  A  full  cycle 
consisted  of  16  hours/104'’F  (40'’C) /dry/313  nm  peak/5-10  suns  plus 
8  hours/122* F  (50*0)/ 95 -100%  RH.  The  total  time  per  cycle  equals 
24  hours.  After  2000  hours  exposure  (equivalent  to  12  years 
service) ,  there  is  no  evidence  of  coating  degradation  such  as 
yellowing,  crazing,  haze  and  loss  of  adhesion  and/or  abrasion 
resistance.  The  coating  system  has  excellent  resistance  to  UV 
light  degradation. 

Temperature/Humidltv  Resistance 

The  coating  was  exposed  to  condensing  humidity  (100%  RH)  at  140* F 
(60* C)  for  a  period  of  2000  hours  according  to  Mil-Std-810,  Method 
507.3.  After  exposure,  the  specimens  were  inspected  for  evidence 
of  degradation,  adhesion  loss,  and  change  in  light  transmittance  or 
haze.  The  coating  had  100%  crosshatch  adhesion  to  PMMA  (Poly  II), 
S-1000,  and  PC  substrates  with  no  optical  and/or  physical  damage 
(Table  1).  Bayer  abrasion  and  solvent  resistance  (30  minutes 
exposure  to  methyl  ethyl  ketone  and  Isopropanol)  showed  no 
significant  sign  of  deterioration. 
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steam  Resistance 


A  condensing  steam  chamber  has  been  developed  at  Sierracin/Sylmar 
to  test  the  steam  resistance  of  various  coatings.  Basically,  the 
chamber  serves  as  an  accelerated  condensing  humidity  test  at  212° F 
(100°C).  Steam  exposure  is  apparently  more  aggressive  on  coatings 
than  boiling  water  exposure.  Based  on  our  observation,  the  damage 
caused  by  6  hours  exposure  to  steam  roughly  equals  to  6  weeks  of 
exposure  to  condensing  humidity  at  140“ F  (60“C).  The  steam  test 
results  in  this  paper  have  been  reported  after  6  hours  exposure. 
After  the  test,  there  was  no  sign  of  physical  and/or  chemical 
damage.  The  coating  adhesion  and  abrasion  resistance  remained 
intact  indicating  its  superior  hydrolytic  stability. 

Elongation 

The  elongation  test  was  performed  per  ASTM  D412.  The  elongation  at 
break  of  cast  FX-216  polyurethane  material  is  78%. 

Thermal  Cycling  Resistance 

The  test  consists  of  thermally  cycling  the  panels  in  the  range  of 
-65“ F  /-54“C)  to  220“ F  (104“C).  After  100  cycles,  the  coating 
passed  luminous  transmittance,  haze,  chemical  craze  resistance,  and 
crosshatch  adhesion  requirements. 

Salt  Atmosphere 

This  test  is  performed  in  accordance  with  Mil-std-810,  Method  509, 
Procedure  I  to  verify  the  resistance  of  the  transparency  to 
corrosive  effects  of  salt  spray.  The  S-243  coating  system 
successfully  passed  the  test  on  both  acrylic  and  polycarbonate 
substrates. 

Rain  Erosion  Resistance 

Rain  erosion  tests  were  performed  on  S-243  coated  acrylic  and 
polycarbonate  substrates  at  University  of  Dayton  Research  Institute 
(UDRI)  according  to  ASTM  G-73.  As  a  control,  bare  acrylic  and  PC 
substrates  were  tested  and  were  severely  pitted  after  10  minutes 
exposure  to  one  inch  per  hour  rain  at  a  speed  of  500  mph  at  an 
angle  of  30  degrees.  There  was  no  damage,  formation  of  haze  or 
loss  of  adhesion  of  S-243  after  a  60  minute  exposure  on  both 
acrylic  or  polycarbonate  substrates  (Table  1). 

g.hg!t!lgal/.§.9lvgnt-Bg.?l§.tj.fice 

The  coating  was  continuously  exposed  to  the  chemical/solvents  for 
a  period  of  30  minutes  and  then  examined  for  any  detrimental  effect 
such  as  loss  of  adhesion,  haze,  blistering,  crazing,  swelling  or 
any  other  defects.  This  test  is  similar  to  the  one  described  in 
ASTM  D-1308-81.  The  resistance  of  S-243  to  the  chemicals  normally 
encountered  by  aircraft  transparencies  in  service  is  shown  in  Table 
2.  The  resistance  to  aggressive  chemical/solvents  is  shown  in 
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Table  3.  The  resistance  to  simulates  of  the  chemical  warfare 
agents  (CWAs)  is  summarized  in  Table  4.  Four  of  the  more  well 
known  CWAs  whose  chemical  structures  are  shown  in  Figure  9  are: 

Lewisite:  dichloro  (2-chlorovinyl)  arsine 

Mustard  Gas:  2,2’  -  (dichloroethyl)  sulfide 

Soman :  f luoromethylpinacolyloxyphosphineoxide 

Sarin:  fluoromethylisopropyloxyphosphineoxide 

Resistance  of  S-243  to  actual  chemical  warfare  agent, ^  (CWAs)  was 
not  tested.  Instead,  liquids  which  contained  only  on?  of  the  two 
or  more  chemical  functionalities  of  the  CWAs,  their  hydrolysis 
decomposition  products  or  the  decontaminants  used  to  neutralize 
them  were  chosen  for  testing. 

The  data  presented  in  Tables  2,  3,  and  4  shows  that  S-243  offers 
outstanding  resistance  to  a  wide  range  of  aggressive  chemicals  and 
solvents  Includinq  alcohols,  ketones,  acetates,  aromatics, 
chlorinated  hydrocarbons,  acids  and  bases. 

Chemical  Stress  Craze  Resistance 

A  number  of  as-cast  and  stretched  acrylic  materials  alonq  with  CR- 
39  and  S-243  coated  Plex  55  were  subjected  to  75%  sulfuric  acid  in 
accordance  with  Federal  Test  Method  Std.  No.  406A,  Met^iod  6053. 
The  results  of  30  minute  exposure  to  maximum  stress  of  4000  psi  are 
summarized  in  Table  5.  the  data  Indicates  that  the  stretched 
acrylics  are  superior  in  craze  resistance  as  compared  to  their 
corresponding  as -cast  materials.  Also,  Plex  55  showed  the  poorest 
result  among  the  as-cast  acrylic  materials.  CR-39  performed  very 
poorly  and  actually  broke  after  a  short  exposure  to  sulfuric  acid. 

The  results  of  2  hour  exposure  are  presented  in  Table  6.  Based  on 
this  data,  the  craze  resistance  of  the  wet  (immersed  in  water  for 
a  period  of  24  hours  at  120®F/49*C)  stretched  acrylics  is 
significantly  reduced  as  compared  to  the  corresponding  dry 
substrates.  The  wet  Plex  55  practically  crazed  at  zero  stress 
level  showing  absolutely  no  resistance  to  the  aggressive  acid  after 
2  hours.  However,  the  wet  S-243  coated  Plex  55  showed  no  sign  of 
crazing  after  2  hours  exposure.  These  results  demonstrate  the 
effectiveness  of  S-243  coating  system  in  protection  of  materials 
with  inferior  craze  resistance  against  the  aggressive  chemicals. 

All  commercial  aircraft  passenger  and  cockpit  windows  are  currently 
undergoing  premature  crazing,  especially  those  flying  long  distance 
routes  at  high  altitudes  in  high  northern  latitudes.  The  crazing 
is  largely  attributed  to  the  presence  of  unusually  high 
concentrations  of  sulfuric  acid  in  the  stratosphere  due  to  the 
volcanic  eruptions,  particularly  Mt.  Pinatubo  in  the  Philippines. 
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The  craze  problem  in  passenger  windows  is  drastically  more  severe 
than  on  cockpit  side  windows.  This  problem  is  thought  to  be  due  to 
the  lower  operating  stress  levels  of  the  cockpit  side  windows. 
However,  the  passenger  windows  exhibit  uniform  crazing  across  the 
entire  daylight  opening  up  to  and  around  the  very  edge  of  the 
rabbet  cut,  despite  the  reduced  pressurization  stress  level  present 
at  the  edge.  This  crazing  suggests  outright  chemical  attack,  a£ 
opposed  to  a  stress-craze  phenomenon,  against  which  stretched 
acrylic  is  particularly  resistant  among  the  transparent  plastics. 
After  exposure  to  sulfuric  acid,  the  surface  of  the  acrylic  window 
contracts  due  to  the  desiccant  action  of  sulfuric  acid  and 
subsequent  loss  of  water.  Surface  stresses  are  then  created  which 
cause  fine  cracks  or  crazes  to  appear  on  the  material.  Other 
suggested  possibilities  are  plasticization  of  the  acrylic  by 
atmospheric  moisture  and  reduction  of  its  critical  crazing  stress, 
and  the  influence  of  the  moisture  absorption/surface  drying  mode 
which  creates  uniform  surface  tensile  stresses,  resulting  in 
uniform  crazing  over  the  entire  surface. 

To  our  knowledge,  no  coating  evaluated  to  date  has  proven  entirely 
effective  in  commercial  airline  passenger  window  service -life 
testing.  The  S-243  coating  system  combines  the  best  properties  of 
the  prior  generation  of  both  hard  and  soft  coatings.  The 
polysiloxanes  have  usually  provided  superior  rubbing  abrasion 
resistance  with  excellent  solvent  resistance,  but  were  brittle  and 
tended  to  crack  under  tensile  or  pressurization  loading.  Prior 
soft  coatings/liners,  typically  of  urethane  formulation,  were 
excellent  in  extensibility  due  to  their  elastomeric  nature  and  had 
adequate,  but  inferior,  resistance  to  rubbing  abrasion,  but 
provided  excellent  particle  (sand)  abrasion  resistance.  A  major 
limitation  was  reduced  resistance  to  some  types  of  solvent  and 
chemical  exposure.  S-243  overcomes  the  limitations  of  both  types 
of  coating  systems,  hard  and  soft,  combining  the  desirable 
properties  of  both  systems  without  the  drawbacks  of  either.  This 
coating  is  expected  to  be  particularly  effective  in  the  present 
commercial  environment  of  increased  exposure  to  airborne  solvent 
and  chemical  contaminants,  and  yet  still  have  the  required  service 
and  maintenance  exposure  resistance  to  function  effectively  in 
daily  operation. 

Based  on  the  results  above,  S-243  has  great  potential  to  provide 
excellent  protection  for  the  outer  acrylic  and/or  polycarbonate 
surfaces  of  all  aircraft  transparencies. 

PROPERTIES  OF  S-243  ON  ELASTOMERIC  URETHANE  LINERS 

Thermoplastic  polyurethane  elastomeric  liner  materials  have  been 
used  to  protect  the  exterior  surface  of  aircraft  transparencies. 
These  liner  materials  are  strong,  tough,  extensible  and  abrasion 
resistant,  but  they  have  a  major  shortcoming.  Their 
solvent/chemical  resistance  is  less  than  desirable.  This 
shortcoming  is  alleviated  by  the  application  of  S-243  system.  A 
number  of  extruded  liner  materials,  such  as  S-125,  have  been 


developed  at  Sierracin/Sylmar.  The  S-125  material  coated  with  S- 
243  has  been  designated  as  S-239.  Besides  providing  a  great  degree 
of  substrate  protection,  the  liner-faced  transparencies,  as 
compared  to  acrylic  and/or  polycarbonate-faced  transparencies, 
offer  superior  resistance  to  impingement  type  damage  and,  most 
importantly,  they  are  completely  resistant  to  crazing.  A 
comparative  resistance  of  different  materials/coatings  to  sandblast 
abrasion  is  presented  in  Table  7.  The  sandblast  abrasion  test  was 
performed  with  a  sandblaster  for  a  period  of  10  seconds  at  a 
distance  of  3  feet  from  the  substrate  surface  with  an  impingement 
angle  of  90  degrees  at  50  psi.  The  results  indicate  that  S-239 
liner  has  superior  sandblast  abrasion  resistance  compared  to  other 
materials  and  coatings. 

The  liner  can  also  be  used  to  protect  a  conductive  coating  on  the 
exterior  surface  of  the  transparency.  The  electrostatic  discharge 
properties  of  the  conductive  coatina  is  not  adversely  affected  with 
the  application  of  the  liner  as  thick  as  45  mils  as  tested  with  a 
Van  de  Qraaff  generator’.  The  properties  listed  in  Table  8 
demonstrate  the  suitability  of  S-239  as  a  protective  liner  for 
aircraft  transparencies. 


ROPERTIES  OF  S- 


There  is  an  ever  increasing  demand  for  transparent  conductive 
coatings  on  the  exterior  surface  of  high  performance  aircraft 
windshields  and  canopies.  These  conductive  coatings  require 
protection  from  corrosion,  abrasion  and  environmental  exposure. 
The  exterior  durability  of  gold,  ITO,  and  a  Sierracin  proprietary 
ductile  conductive  coating  system  (S-417).  all  topcoated  with  S- 
243,  is  being  tested  on  acrylic  and  polycarbonate  substrates. 
Accelerated  environmental  testing  is  still  in  progress  and  the 
complete  data  is  not  yet  available. 


Evaporated  gold  is  the  first  generation  conductive  coating  that  has 
been  used  on  aircraft  glazing  for  more  than  35  years.  This  nobel 
metal  has  met  the  demand  for  de-fogglng,  de-icing,  IR  reflection, 
and  radar  attenuation  on  commercial  and  military  aircraft 
transparencies*.  Despite  objections  to  its  color  and  high 
reflectance,  gold  is  still  a  viable  conductive  coating  for  many 
aerospace  glazings  due  to  its  ease  of  deposition,  ductility,  and 
chemical  Inertness.  As  shown  in  Table  9,  the  S-243  system  has 
excellent  adhesion  to  hard-to-adhere-to  gold  layers  without  any 
adverse  affect  on  the  adhesion  of  the  overall  system.  This 
adhesion  is  maintained  after  6  hours  of  the  aggressive  steam 
testing  and  3  weeks  of  QUV  exposure  (further  testing  is  in 
progress} .  The  chemical/solvent  resistance  of  this  system  is 
essentially  the  same  as  shown  in  Tables  2,  3  and  4  for  S-243  on 
acrylic  and  polycarbonate  substrates. 


ITO/S-243  System 

As  mentioned  above,  there  are  some  objections  to  gold  coating 
systems  based  on  their  high  luminous  reflectance  (resulting  in  low 
transmittance)  and  color,  particularly  for  low  sheet  resistance 
coatings.  An  alternate  transparent  material,  indium  tin  oxide 
(ITO),  has  less  intrinsic  color  and  offers  superior  luminous 
transmittance  as  compared  to  a  gold-based  coating  (Table  9).  Being 
a  semiconductor,  however,  ITO  requires  a  significantly  thicker 
coating  in  order  to  give  a  resistance  comparable  to  that  of  the 
gold  system.  The  data  demonstrated  in  Table  9  indicates  the 
excellent  durability  of  a  typical  ITO  system  topcoated  with  S-243. 

A  major  drawback  for  ITO  is  the  lack  of  flexibility  and  strain 
tolerance  due  to  its  ceramic  nature  and  brittleness.  ITO  readily 
cracks  in  bending  tests  at  strain  levels  as  low  as  0.5  to  0.7%. 
This  brittleness  limits  its  application  on  high  performance 
aircraft  transparencies  where  higher  strain  levels  are  expected 
during  flight  due  to  increased  thermal  expansion. 

Sierracin/Sylmar’s  production  ITO  sheet  resistance  properties 
versus  temperature  is  presented  in  Figure  10  while  its  RF 
attenuation  properties  versus  temperature  is  illustrated  in  Figure 
11.  Sierracin’s  ITO  system  on  polycarbonate  substrate  demonstrates 
good  resistance  to  microcracking  during  this  rather  severe  thermal 
exposure. 

Two  F-16  *C’  forward  canopies  with  different  designs  successfully 
passed  the  impact  of  a  4-pound  bird  at  more  than  550  knots.  Both 
designs  had  ITO  coating  inside  for  solar  reflection  and  a  ITO 
Electro-Stati^  Drain  (ESD)  coating  on  the  exterior  with  S-243 
topcoat.  The  cross  section  was  impacted  at  548  knots  with  less 
than  1.5"  deflection.  The  additional  cross  sections  were  impacted 
at  559  knots  with  just  1"  deflection.  The  S-243  exterior  coating 
has  shown  no  adverse  effects  from  the  bird  impact. 

S-417/S-243  System 

Sierracin/Sylmar  has  developed  a  conductive,  ductile  coating  system 
to  overcome  the  shortcomings  of  gold  and  ITO  systems.  The  new 
system,  designaied  as  S-417,  exhibits  superior  light  transmittance 
as  compared  to  gold  coating,  and  significantly  greater  ductility  as 
compared  to  ITO.  The  system  has  been  subjected  to  a  range  of 
environmental  stresses  to  assess  its  suitability  for  use  in 
advanced  glazing.  The  strain  versus  resistance  properties  of  S-417 
topcoated  with  S-243  (Figure  12)  indicates  that  there  is  no 
significant  change  in  the  resistance  of  the  system  strained  to 
about  2%.  And,  that  S-417/S-243  avoids  the  microcracking  due  to 
strain  found  in  ITO  systems.  Optical  performance  and  environmental 
testing  (Table  9)  demonstrate  the  excellent  durability 
characteristics  (some  tests  are  still  in  progress)  of  S-417.  This 
newly  emerging  coating  system  appears  to  be  suitable  for  high 
performance  aircraft  transparency  applications. 


\ 
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CONCLUSIONS 


Sierracin/Sylmar  Corporation  has  developed  a  new,  versatile  and 
universal  coating  system,  S*243,  which  has  outstanding  adhesion  to 
acrylics,  polycarbonate,  and  polyurethanes,  as  well  as  to 
transparent  conductive  coating  systems,  including  gold,  ITO,  and  S- 
417  which  have  been  applied  to  plastic  substrates.  In  addition  to 
outstanding  resistance  to  rubbing  and  impingement  abrasion,  S-243 
also  demonstrates  excellent  chemical/solvent  and  craze  resistance, 
as  well  as  excellent  hydrolytic  and  ultra-violet  light  stability. 
The  outstanding  weatnerability  of  S-243  sysx*,.?;  extends  the 

durability  of  various  conductive  coatings  on  the  exterior  surfaces 
of  advanced  aircraft  windshields  and  canopies.  Application  cf  S- 
243  to  acrylic  or  polycarbonate  outerplies  is  expected  to  extend 
the  service  life  and  craze  resistance  of  these  materials.  This 
system  has  been  scaled  up  for  application  to  production  parts  and 
is  now  ready  for  flight  evaluation  on  existing  glazings  and 
advanced  designs. 
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FIGURE  2 
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FIGURE  5 


MORPHOLOGY  OF  URETHANES 


FIGITRE  6 

TYPICAL  ALIPHATIC  ISOCYANATES 
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FIGURE  7 

TYPICAL  MACROGLYCOLS 
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FIGURE  9 

CHEMICAL  WARFARE  AGENTS 
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TABLE  1 

SELECTED  PROPERTIES  OF  BARE  AND  S-243  COATED 


TABLE  2 

RESISTANCE  OF  S~243  TO 
CHEMICAL/SOLVENTS 
ENCOUNTERED  IN  SERVICE 


CHEMICAL/SOLVENT 

1 

RESULT 

MILD  SOAP  &c  WATER 

GOOD 

AIRPLANE  WASH  CLEANER 

GOOD 

ALODINE 

GOOD 

BAIN  REPELLANT  (REPCON) 

GOOD 

NAPHTHA 

GOOD 

JET  FUEL  (JP-4) 

GOOD 

ISOPROPYL  ALCOHOL 

GOOD 

DE-ICING  FLUID 

(Ethylene  glycol) 

GOOD 

PHOSPHORIC  ACID  CLEANER 

GOOD 

TABLE  3 


RESISTANCE  OF  S~243  TO 
AGGRESSIVE  CHEMICAL/SOLVENTS 


CHEMICAL/SOLVENT 

RESULT 

METHYL  ETHYL  KETONE 

UGHT  SWELL, 
NO  HAZE 

BUTYL  ACETATE 

GOOD 

TOLUENE 

GOOD 

METHANOL  _ .  _  . 

GOOD 

ACETIC  ACID,  20% 

GOOD 

SULFURIC  ACID.  50% 

GOOD 

SODIUM  HYDROXIDE,  50% 

GOOD 
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TABLE  4 

RESISTANCE  OF  S~243  TO 
SIMULATES.  DECOMPOSITION  PRODUCTS 
AND  DECONTAMINANTS  OF  CWAS 


CHEMICAL 

SIMUUTED  OR 

RELATED  CWA 

RESULT 

TRICHLOROETHYLENE 

LEWISITE 

GOOD 

1.2~DICHL0R0ETHANE 

MUSTARD  GAS 

GOOD 

ETHYLENE  GLYCOL 
DIMETHYL  ETHER 

MUSTARD  GAS, 

SOMAN  OR  SARIN 

DIMETHYL  BENZYLAMINE 

MUSTARD  GAS 
DECONTAMINANT 

GOOD 

BLEACH 

MUSTARD  GAS/LEWISITE 
DECONTAMINANT 

Bi 

H3PO4  (CONC.) 

SOMAN  SARIN  k 

THEIR  /ROLYSIS  PRODUCTS 

B 

KOH,  50% 

LEWISITE 

DECONTAMINANT 

GOOD 

HCL,  5% 

LEWISITE  HYDROLYSIS 
PRODUCT 

Qg 

HF,  5% 

SOMAN  OR  SARIN 

HYDROLYSIS  PRODUCT 

B 

540 
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TABLE  7 


COMPARATIVE  SAND  IMPACT  RESISTANCE 


MATERIAL 

HAZE  % 
AFTER  TEST 

STRETCHED  ACRYLIC 
(MIL-P-25690) 

24.0 

POLYCARBONATE 

47.0 

GLASS 

32.0 

STRETCHED  ACRYUC/S-243 

4.6 

STRETCHED  ACRYUC/S-239 

2.6 

SANDBLAST  TEST:  90  DEGRESS  IMPACT/50  PSl/ 

10  SECONDS  AT  3  FEET 


TABLE  8 


SELECTED  PROPERTIES  OF  S-243  SYSTEM 
ON  S~125  URETHANE  LINER 


PROPERTY 

RESULT 

ADHESION  (%) 

100 

BAYER  ABRASION 

A  HAZE  (%) 

600  STROKES 

0.8 

QUV 

1000  HRS 

PASS 

no  haze,  defradatlon, 
yellowinc  or  adheaion  loaa 

HUMIDITY 

1000  HRS,  140*  F 

PASS 

n»  haze,  degradation  or 
adheaion  lost 

STEAM,  6  HRS 

PASS 

DO  haze,  degradation  or 
adheaion  loali 

CHEMICAL/SOLVENT 

GOOD  * 

CRAZE  RESISTANCE 
(IPA  AT  4500  PSI) 

EXCELLENT  44 

P-STATIC  DISSIPATION 

EXCELLENT  (ON  ITO) 
no  arcing  or  puncture 

RAIN  EROSION 

610  MPH/30  DEG 

PASS 

100  MIN. 

*  SAME  AS  S-lOOO/S-243  ~  SEE  TABLES  2  <e  3 
BARE  S-1000  FAILS  IN  THE  SAME  CRAZE  TEST 
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T^BLE  9 


SELECTED  PROPERTIES  OF  DIFFERENT 
COATING  SYSTEMS  ON  STRETCHED  ACRYLIC 
TOPCOATED  WITH  S~243 


PROPERTIES 

Au 

ITO 

S-417 

LT  (%) 

60.8 

81.2 

78.5 

SHEET  RESISTANCE 

n/sq 

8.6 

■Bl 

9.1 

COLOR 

TYPICAL  GOLD 

NEUTRAL 

NEUTRAL 

HAZE  (%) 

0.3 

1.0 

1.0 

ADHESION  (%) 

100 

100 

100 

BAYER  ABRASION 

A  HAZE  (%) 

600  STROKES 

3.0 

2.6 

2.8 

QUV/WEEKS 

PASS/3 ♦ 

PASS/5  ♦ 

PASS/4  ♦ 

STEAM,  6  HRS 

PASS 

PASS 

PASS 

SOLVENT/CHEMICALS 

HB 

♦  TEST  IN  PROGRESS 

♦♦  SAME  AS  S-lOOO/S-243  -  SEE  TABLES  2.  3  «e  4 
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BATTLE  DAMAGE  REPAIR  OF  AIRCRAFT  TRANSPARENCIES 


D.  W.  Carter 
Wright  Laboratory 
Wright-Patterson  AFB,  Ohio 


Abstract 

Recent  combat  experiences  showed  that  aircraft  will  return 
from  battle  with  ballistic  damage  to  their  transparencies.  Canopy 
replacement  may  not  be  practical  in  an  intense  combat  situation  due 
to  the  lack  of  spare  parts  and  time  and  resource  criticalities. 
Therefore,  a  rapid,  usually  temporary,  repair  may  be  applied  to  fly 
additional  sorties  or  for  a  one-time  flight  back  to  a  repair  depot. 
An  Aircraft  Battle  Damage  Repair  (ABDR)  program  has  been 
established  to  identify  training  and  resource  requirements  for  the 
US  Air  Force  wartime  repair  needs  and  development  of  an  ABDR 
Technical  Order  recommending  simple,  fast,  and  effective  repair 
procedures.  The  current  ABDR  concept  for  transparencies  consists 
of  bolting  a  metallic  patch  and  applying  a  fuel  tank  sealant  over 
the  damaged  area.  This  simple  repair  has  been  used  in  recent 
conflicts  such  as  the  Falkland  Islands  War  and  Desert  Storm. 
Although  effective,  this  repair  concept  obstructs  the  pilots 
vision.  An  optically  clear  transparency  repair  procedure, 
developed  by  the  French  Air  Force,  is  being  investigated  by  the  US 
Air  Force.  This  repair  consists  of  a  two-part  acrylic  clear 
adhesive,  which  is  mixed  and  poured  to  fill  the  hole  in  the  damaged 
transparency.  After  a  two  hour  cure,  the  finish  is  wet-sanded  and 
polished  to  obtain  optical  clarity.  The  new  repair  procedure  has 
been  performed  to  damages  up  to  two-inch-diameter  holes  on  several 
US  Air  Force  aircraft  transparency  types,  including  monolithic 
stretched  acrylic,  laminated  polycarbonate,  and  laminated 
polycarbonate/acrylic  canopiss.  The  repairs  have  been  tested 
(tenqperature  and  pressure  parameters)  using  simple  test  procedures 
for  ABDR.  Test  results  showed  no  leaks  at  the  repair  locations 
demonstrating  successful  rep/^irs  for  all  canopy  types. 


I.  Introduction 

As  seen  from  past  and  recent  conflicts,  many  military  aircraft 
will  survive  ballistic  damage  during  combat.  Combat  experiences 
have  shown  that  for  every  aircraft  lost,  three  to  five  aircraft 
will  return  from  combat  with  battle  damage.  In  the  event  the  US 
should  become  involved  in  armed  conflict,  it  must  be  assumed  the 
air  war  will  start  suddenly  and  will  require  maximum  aircraft 
availability  in  the  early  phases.  To  meet  this  demand,  the  effect 
battle  damage  will  have  on  aircraft  availability  must  be  minimized 
by  developing  the  capability  to  rapidly  restore  operational 
capability  to  these  aircraft.  Also,  with  the  current  downsizing  of 
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US  Air  Force  aircraft  inventory,  repairing  battle  damaged  aircraft 
becomes  even  more  critical  in  future  conflicts. 

Recognizing  the  importance  of  aircraft  battle  damage  repair 
(ABDR) ,  the  US  Air  Force  has  developed  a  program  to  initiate  and 
standardize  the  preparation  of  ABDR.  The  primary  goal  of  ABDR  is 
to  restore  sufficient  structural  strength  and  systems 
serviceability  to  permit  damaged  aircraft  to  continue  combat 
operations,  with  at  least  partial  mission  capability,  within  time 
to  contribute  to  the  outcome  of  the  ongoing  battle.  The  secondary 
objective  is  to  perform  the  necessary  maintenance  actions  to  allow 
extensively  damaged  aircraft  to  make  a  one-time  flight  to  its  home 
station,  rear  base,  or  major  repair  facility.  Meeting  these 
objectives  requires  .simple  and  expedient  repair  techniques  which 
may  eliminate  most  of  the  fatigue-  and  corrosion-conscious  methods 
used  in  peacetime. 

The  ABDR  program  has  established  requirements  to  facilitate 
ABDR  training,  tools  and  equip.ment,  and  technical  information. 
Technicians  are  trained  to  repair  and  assess  battle  damaged 
aircraft  during  an  initial  two  week  course,  and  they  take  refresher 
training  at  least  once  a  year.  Unit.s  have  developed  tool  kits, 
usually  stored  on  mobile  ABDR  trailers,  ready  for  deployment  to  the 
coKibat  area.  These  trailers  are  stand-alone  kits  with  tools  and 
materials  needed  to  perform  ABDR  including  a  generator  and  a 
compressor.  Technical  information  is  provided  in  an  ABDR  technical 
l-lH-39)  i  -The  TO  l-lH-39  is  a  technical. manual  used  as 
guidance  for  damage  assessment  and  repair  during  wartime 
conditions.  In  general,  the  repairs  prescribed  in  the  TO  l-lH-39 
are  quick  temporary  effective  fixes  often  neglecting  fatigue, 
corrosion,  aerodynamic  smoothness,  and  other  factors  deemed 
in^ortant  during  peacetime,  but  are  net  essential  during  wartime. 
To  obtain  specific  requirements  for  each  weapon  system,  aircraft 
specific  ABDR  TO's  are  utilized  to  develop  the  repair. 

Ttie  accepted  ABDR  concept,  as  described  in  the  ABDR  TO*s,  for 
aircraft  transparencies  includes  bolting  on  a  metal  patch  and 
applying  any  available  fuel  tank  sealant  to  seal  the  damaged  area. 
For  a  small  hole  (less  than  one-half  inch  diameter)  in  the 
transparency,  a  simple  bolt,  nut,  and  washer  assembly  with  the 
sealant  is  prescribed  as  chovm  in  Figure  1.  For  damages  larger 
than  one-half  inch  in  diameter,  but  smaller  than  1.5  inches, 
require  the  hole  to  be  filled  using  a  rubber  plug  (Figure  2) .  For 
larger  holes  (up  to  four  inches),  holes  should  be  drilled  around 
the  damaged  area,  through  the  metal  patch  and  transparency,  bolts 
with  nuts  tightened,  and  the  fuel  tank  sealant  applied  (Figure  3). 

Aircraft  transparencies  are  not  invnune  to  battle  damage. 
Combat  experiences  have  shown  that  many  aircraft  have  encountered 
and  survived  damage  to  their  transparencies.  During  the  conflict 
in  Southeast  Asia  (SEA),  several  aircraft  returned  from  combat  with 
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NOTE: 

NO  aOCT  THAEAOS  SHALU  REMAIN 
IN  BEARING  SURFACE  OF 
TRANSPARENCY 


Proc^durM: 

1  Claan  out  damaga  maintaining 
minimum  hola  tiK. 

2  Drill  rapair  hola  to  naaraat  standard 
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3  Smooth  adgat  o<  rapair  ho<a 

4  Claan  and  rinta  rapair  araa 

5  Apply  thin  layar  ol  taaling  compound  to 

faying  surlacat  of  rapair  washart  artd  bolt  shank. 

6  Install  rapair  parts 

7  Ramerua  aicasa  saalirtg  compound  immadiately 


Figure  1.  Transparency  Repair  (Up  to  0.5*  Diameter) 
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Figur*  3.  Trtmsparoncy  Rapair  (1.5*  to  4.0*  Diameter) 


ballistic  damage  to  their  transparencies.  In  some  cases,  such  as 
with  the  B-52  shown  in  Figure  4,  the  damage  was  unrepairable,  Vlhen 
time  and  resources  were  available,  the  canopy  was  replaced  such  as 
with  the  F-4  shown  in  Figure  5.  However,  several  repairs  were  made 
during  the  SEA  conflict  to  aircraft  and  their  transparencies  in 
typical  ABDR  fashion  such  as  the  canopy  repair  shown  in  Figure  6 . 

The  war  situation  the  Royal  Air  Force  (RAF)  had  in  the 
Falkland  Islands  exemplifies  the  ABDR  capability  need.  Limited 
resources  and  the  lack  of  spare  parts,  because  of  a  4000-mile 
pipeline  from  the  warzone  back  to  their  home  country  and  a  greatly 
escalated  conflict,  created  a  need  for  innovative  quick  repair 
schemes.  One  example  of  battle  damage  and  repair  to  aircraft 
transparencies  involved  an  RAF  Harrier.  The  Harrier  received 
ballistic  damage  to  its  front  and  left  side  windscreens.  A 
fragment  penetrated  the  front  windscreen  causing  a  hole  and  severe 
cracking  around  the  hole  (Figure  7).  The  side  windscreen  received 
two  small  gouges.  Locations  of  the  damages  are  illustrated  in 
Figure  8.  The  front  windscreen  was  repaired  by  bolting  an  aluminum 
sheet  over  the  damaged  area.  This  covered  approximately  the  top 
one-third  portion  of  the  front  windscreen  (Figure  9)  .  The  two 
small  gouges  in  the  side  windscreen  were  repaired  Iv  bonding  a 
sheet  of  clear  plastic  over  the  holes  using  an  acrylic  adhesive 
(Figure  10)  .  This  aircraft,  with  repairs,  successfully  flew 
several  sorties  with  limitations  to  vision  before  replacement 
windscreens  were  available. 


Several  aircraft  involved  in  Desert  Storm  received  battle 
damage.  As  exan^la,  two  aircraft  received  ballistic  damage  to 
their  canopies.  In  both  cases,  the  damage  was  limited.  Time 
allowed  for  the  replacement  of  one  of  the  damaged  canopies.  The 
other  canopy  was  repaired  using  the  bolt  and  washer  repair  scheme 
as  shown  in  Figure  11. 


JI. 

The  current  ABDR  concept  for  transparencies  is  a  simple,  fast, 
and  effective  procedure  to  perikdt  an  aircraft  to  continue  combat 
operations.  However,  the  metal  patch  restricts  the  pilots  field  of 
vision  which  may  partially  limit  its  mission  capability.  An 
improved  transparency  repair  method  is  needed  that  can  be  performed 
quickly  and  easily  in  an  uncontrolled  combat  environment  which  will 
allow  at  least  some  optical  clarity  to  the  pilot. 


III.  New  Transparency  Repair  Procedure 


The  French  Air  Force  (FAR)  has  developed  a  battle  damage 
repair  method  for  aircraft  transparencies  that  provides  a  good 
level  of  optical  clarity.  The  repair  involves  use  of  a  two-part 


Figure  4.  B-52  Damaged  During  SEA  Conflict 


Figure  5.  F-4  Canopy  Replacement  During  SEA  Conflict 
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Figure  8 


Harrier  Damage  During  Falkland  Islands  Conflict 
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Figure  9. 


» 


Figure  11.  Canopy  Repair  During  Desert  Storm 
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methacrylic  filler  material,  called  Altuglas  adhesive  P  10,  made  by 
Elf  Atochem,  a  French  company.  The  repair  can  be  performed  on  all 
canopy  types  and  takes  approximately  three  hours  to  complete. 

The  new  FAF  developed  transparency  repair  procedure  steps 
follows.  The  damaged  area  must  first  be  cleaned-up  by  removing  all 
protruding  transparency  pieces  and  cracks.  This  is  usually 
accomplished  either  by  cutting  out  the  damaged  area  using  a  hole 
saw  cr  by  removing  the  damage  with  a  rotary  file.  Also,  all  cracks 
are  removed  or  stop  drilled.  Next,  make  a  taper  of  approximately 
45  degrees  around  the  edges  of  the  hole  on  the  inside  and  outside 
transparency  surfaces.  To  contain  the  adhesive  material  in  the 
hole  before  cure,  use  a  piece  of  metallic  foil  tape,  usually 
referred  to  as  ‘speed  tape*,  to  cover  the  hole  on  the  inside 
surface  of  the  transparency.  Next,  build  a  dam  of  masking  tape 
around  the  hole  on  the  outside  surface. 

Once  the  damage  is  ready,  the  adhesive  material  can  be 
prepared.  Mix  the  two  parts  of  the  methacr^'late  polymer,  25  parts 
A  to  one  part  B.  The  working  life  of  the  mixture  is  approximately 
20  minutes.  Pour  the  polymer  into  the  hole  slightly  above  the 
level  of  the  outside  transparency  surface.  The  methacrylate 
polymer  will  require  approximately  two  hours  to  cure  at  normal  room 
temperatures.  However,  the  cure  time  can  be  greatly  accelerated  by 
raising  the  temperature  to  150  degrees  Fahrenheit. 


After  cure  of  the  repair  material,  remove  all  tape  and  begin 
smoothing  the  repaired  area.  First  file  the  repair  material  down 
to  a  level  slightly  above  the  transparency  surfaces.  Next  wet  sand 
the  area  using  progressively  finer  grit  papers  as  follows:  150, 
220,  280,  320,  360,  400,  500,  and  600.  Finally,  polish  the  repair 
using  a  common  aircraft  transparency  polishing  material. 

The  final  repair  allows  a  fair  level  of  optically  clarity. 
Some  skill  is  required  to  obtain  better  levels  of  optical  clarity. 
Repairs  have  been  made  by  the  FAF  to  three  centimeter  diameter 
holes  which  show  little  or  no  distortion.  Because  the  repair  fills 
the  hole  and  does  not  require  overlapping  of  a  patch,  the  area  of 
visual  restriction  is  at  least  reduced,  and  therefore,  is  an 
improvement  over  current  ABDR  procedures  for  transparencies. 


IV.  Test 

The  FAF  developed  transparency  repair  was  tested  by  the  US  Air 
Force  at  Wright  Laboratories.  Repairs  were  made  to  two-inch- 
diameter  holes  in  three  canopies,  F-15,  F-16,  and  F-111.  These 
three  types  of  canopies  were  chosen  because  of  their  differences  in 
construction  (monolithic  stretched  acrylic,  laminated 
polycarbonate,  and  laminated  polycarbonate/acrylic) .  It  was 
concluded  that  by  evaluating  the  repair  on  these  three  canopy 


constructions,  the  repair  was  being  validated  as  a  generic  repair 
concept  acceptable  for  any  aircraft  transparency. 

Pressure  and  temperature  were  the  test  parameters.  The  canopy 
test  specimens  were  instrumented  with  thermocouples  near  the  repair 
area.  The  test  pressures  were  obtained  by  vacuum  bagging  the  area 
around  the  repair  on  the  free-standing  canopies.  A  plywood  ring 
v/as  placed  around  the  repair  before  installation  of  the  vacuum  bag 
to  ensure  the  bagging  material  was  not  against  the  repair  during 
the  test.  Therefore,  generating  a  vacuum  on  one  side  of  the  canopy 
creates  a  pressure  differential  between  the  outside  and  inside 
cockpit  areas. 

The  canopy  test  specimen  with  vacuum  bag  attached  was  then 
placed  inside  an  enclosed  insulated  box.  For  high  temperatures,  a 
forced-air  diesel  heater  was  used  to  blow  hot  air  into  an  opening 
in  the  top  of  the  box  over  the  outside  surface  of  the  canopy.  Two 
openings  in  the  ends  of  the  box  allow  the  hot  air  to  exhaust.  The 
thermocouples  mounted  on  the  canopy  were  monitored  as  the  canopy 
temperature  ramped  up.  The  heater  has  a  temperature  control  valve, 
which  was  used  to  maintain  canopy  temperatures.  A  maximum  canopy 
temperature  of  250  degrees  Fahrenheit  could  be  obtained  in 
approximately  one  hour. 

For  low  temperatures,  dry  ice  was  placed  in  the  bottom  of  the 
insulated  box  before  placing  the  canopy  in  the  box;- "  A  small 
electric  fan  was  used  to  circulate  the  air  within  the  box.  A 
minimum  canopy  tei^erature  of  -50  degrees  Fahrenheit  could  be 
obtained  in  approximately  two  hours. 

Exan^jles  of  the  test  matrices  are  shown  in  Figure  12 .  Once 
the  desired  canopy  terqperature  is  obtained,  vacuum  was  applied  to 
the  canopy  using  a  pneumatic  vacuum  pump.  A  pressure  gage  was 
monitored  while  vacuum  was  applied  to  the  repaired  area. 


V.  Results 

The  repairs  survived  all  tests  with  no  leaks  during  testing. 
Additionally,  the  repairs  were  pressure  tested  to  12.5  psig  using 
a  vacuum  bag  after  completion  of  the  tests  and  again  showed  no 
leaks.  However,  some  distortion  with  the  repairs  was  evident  after 
high  teirqperature  tests  of  250  degrees  Fahrenheit.  It  was  noted  by 
the  test  technician  that  the  repair  material  exhibited  softening  at 
high  tenperatures . 


VI.  Summary 

Wartime  experiences  show  that  aircraft  are  likely  to  be 
deunaged  during  combat  including  their  transparencies.  The 


MONOLITHIC  STRETCHED  ACRYLIC 


ULTIMATE 

(Dtemp  a  200’F 
PRES  3  12.0  PSIG 
TIME  3  5  SEC 

C>TEMP  3  175*  F 
PRES  3  0*9  PSIG 
CYCLES  3  10 

TIME  3  6  MIN/CYC 


®TEMP  3  -50*F 
PRES  3  7.0  PSIG 
TIME  3  5  SEC 


®  TEMP  a  -20‘F 

PRES  a  0+7.0  PSIG 
CYCLES  3  10 

TIME  3  6  MIN/CYC 


<DtEMP  3  200*F 
PRES  3  *5.8  PSIG 
TIME  3  5  SEC 


OteMP  3  70'F 
PRES  3  0+9  PSIG 
CYCLES  3  30 

TIME  3  6  MIN/CYC 


LAMINATED  POLYCARBONATE 


ULTIMATE 

0TEMP  3  250*F 
PRES  3  12.5  PSIG 
TIME  3  5  SEC 

CYCLIC 

0TEMP  3  175"F 
PRES  3  0+8  PSIG 
CYCLES  3 10 

TIME  3  6  MIN/CYC 


®TEMP  3  -50*F 
PRES  3  8.5  PSIG 
TIME  3  5  SEC 


®  TEMP  3  .20‘F 

PRES  3_0+5.7  PSIG 
CYCLES  s^O 

TIME  3  6  MIN/CYC 


®TEMP  3  225*F 
PRES  3  -8.5  PSIG 
TIME  3  3  SEC 


®TEMP  3  70*F 
PRES  3  0+8  PSIG 
CYCLES  3  30 

TIME  3  6  MIN/CYC 


LAMINATED  POLYCARB/ACRYLIC 


ULTIMATE 

0TEMP  3  250*F 
PRES  3  12.0  PSIG 
TIME  3  5  SEC 

®tEMP  3  200*  F 
PRES  3  0^9  PSIG 
CYCLES  3  10 

TIME  3  8  MIN/CYC 


®TEMP  3  -50*F 
PRES  3  7.0  PSIG 
TIME  3  5  SEC 


®TEMP  3  200  *F 
PRES  3  -5.8  PSIG 
TIME  3  5  SEC 


®  TEMP  3  .20*F  ®TEMP  a  VO’F 
PRES  3  0+7.0  PSIG  PRES  3  0^9  PSIG 
CYCLES  3  10  CYCLES  a  30 

TIME  3  6  MIN/CYC  ‘’’•ME  a  6  MIN/CYC 


Figure  12.  Transparency  Repair  Test  Matrices 


capability  to  rapidly  repair  battle  damage  is  crucial  to  sustaining 
high  sortie  rates.  The  current  repair  concept  of  bolting  metal 
patches  to  damaged  aircraft  transparencies  is  quick  and  effective. 
However,  because  this  repair  obstructs  the  pilots  vision,  there  is 
a  desire  for  an  improved  repair.  The  French  Air  Force  has 
developed  a  clear  repair  for  damaged  aircraft  transparencies,  which 
is  sin5)le  enough  to  have  potential  use  during  wartime.  The  US  Air 
Force  has  tested  the  repair,  up  to  a  two-inch-diameter  hole,  on 
three  basic  canopy  constructions  (monolithic  stretched  acrylic, 
laminated  polycarbonate,  and  laminated  polycarbonate/acrylic)  .  The 
repairs  showed  no  leakage  during  the  tests. 
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Abstract 

An  embedded  data  recording  system  is  being  developed  to 
obtain  in-flight  environmental  data  for  aircraft  canopies 
and  transparencies.  This  information  is  needed  for  failure 
analysis  and  reliability  predictions.  The  data  recorder  is 
unique  in  that  it  is  embedded  in  the  transparency  and 
operates  totally  independently  of  all  other  aircraft 
systems.  It  has  the  ability  to  measure  and  record 
environmental  factors  such  as  solar  radiation,  aerodynamic 
heating,  pressure,  hail  impact,  humidity,  bird  strikes,  and 
vibration.  The  information  is  stored  in  a  nonvolatile  data 
module  using  a  new  memory  technology  called  Magnetoresistive 
Random  Access  Memory  (MRAM) .  This  technology  is  ideally 
suited  to  this  application  which  requires  a  fast  write  speed 
to  record  burst  events.  The  storage  module  is  attached 
directly  to  the  transparency  to  eliminates  the  possibility 
of  any  data  becoming  separated  or  lost.  Since  the  HRAM  does 
not  wear  out  or  lose  data  with  the  loss  of  power,  it  can 
store  manufacturing  information  and  maintenance  data  for  the 
life  of  the  transparency.  Special  ’smart  sensors’  are  used 
to  send  digitized  data  to  a  control  computer  for  storage  in 
the  data  module.  Digitizing  the  data  with  the  ’smart 
sensors*  reduces  the  effects  of  electromagnetic  interference 
(EMI) .  This  system  will  be  embedded  and  tested  in  an  F16 
canopy . 


This  work  was  sponaered  by  the  U.S.  Air  Force  Grant  No.  DOD 
SBIR91.1 
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Introduction 


Real  time  data  on  the  life  experience  of  windshield,  canopy, 
and  window  systems  for  Air  Force  aircraft  is  needed  since 
millions  of  dollars  are  lost  annually  due  to  lack  of  this 
in-flight  data  resulting  in  premature  replacements  or 
catastrophic  failures  from  lack  of  end-of-life  data.  This 
data  must  be  realistic,  actual,  and  complete  and  should 
contain  the  fabrication  history  and  tne  operational 
experience  of  tho  transparency’.  Present  data  is  scattered 
among  many  sources  and,  when  acquired  and  interpreted,  has 
proven  to  be  incomplete  for  use  in  failure  analysis, 
reliability  predictions,  and  durability  specifications.  An 
embedded  real  time  data  acquisition  system  would  solve  the 
problems  posed  above  as  well  as  the  scattered  data  problem 
if  it  contained  a  reliable  and  permanent  method  of  storing 
the  information  even  during  a  loss  of  power. 

The  results  of  the  lack  of  transparency  life  experience  data 
can  be  seen  dramatically  by  the  problems  of  Celestial  window 
blowouts  that  occurred  in  the  KC-135's.  This  is  an  old 
aircraft  which  was  first  built  in  1956  and  was  patterned 
after  the  Boeing  707.  Of  the  original  732  KC-135’s  built, 
approximately  650  are  still  operational  today.  They  have 
been  upgraded  with  new  engines,  so  there  is  no  immediate 
plan  to  retire  them.  No  complete  records  of  the 
transparencies  were  maintained  over  the  37  years  of  service 
and  as  a  result,  the  celestial  windows  started  to  fail  with 
resulting  fatalities. 

Another  example  of  prematura  failure  due  to  lack  of  cot;plete 
data  was  demonstrated  in  the  B1  bomber  during  it's  early 
service.  Operational  life  of  the  transparency  was  only  one 
year  or  250  operational  hours.  Initially  the  total  cost  for 
the  windshields  was  $240,000.  These  had  to  be  replaced 
every  year  because  of  failures.  With  an  in-flight  data 
recording  system,  this  could  have  been  reduced  to  3  or  4 
years  by  changing  the  design  of  the  transparency  and  thus 
saving  upwards  of  3/4  million  dollars  per  plane.  Evan  at 
the  current  windshield  cost  of  $140,000  a  tracking  system 
would  result  in  even  more  savings. 

Discussion 

A  study  was  under  taken  by  Nonvolatile  Electronics  Inc. (NVE) 
to  determine  what  sensors  would  be  needed  to  record  the  life 
history  of  a  transparency,  the  operational  environment  of 
the  devices,  the  method  of  storage  and  packaging 
cons iderat ions 1.  To  accurately  describe  the  life  history  of 
the  transparency  certain  events  would  have  to  be  monitored 


during  the  lifetime  of  the  transparency.  These  are  ‘listed 
as  follows  along  with  the  type  of  sensor  needed; 


£y£liL 

•  Solar  Radiation 

•  Aerodynamic  Heating 

•  Tarmac  Heating  &  Cooling 

•  Pressurization 

•  Hail  Impact 

•  Humidity 

•  Bird  Strike 

•  Projectile  Strike  (Combat) 

•  Vibration  (Flutter,  Engine) 


SgflSQX 
Ultra  Violet 
Temperature 
Temperature 
Pressure 

Pressure,  Acceleration, 

&  Strain 

Humidity 

Strain 

Strain 

Accelerometer 


These  sensors  along  with  the  associated  electronics  in  the 
data  recording  system  must  operate  over  the  same  environment 
as  the  aircraft.  This  includes  operating  in  the  heat  of  a 
desert  while  parked  on  a  tarmac,  in  the  humidity  of  a 
tropical  location,  and  in  the  cold  of  an  Arctic  outpost.  In 
order  to  meet  all  these  requirements,  the  data  acquisition 
system  will  have  to  operate  over  the  military  temperature 
range  of  -55®C  to  +125®C,  humidity  from  1%  RH  to  99%  RH, 
vibration  meeting  MIL-STD-1530,  and  altitude  from  -1,000 
tO-+55,000  TT2.  _  _ _ _ _ _ _ _ 


To  insure  accuracy  and  completeness,  the  information 
obtained  from  these  sensors  would  have  to  be  contained  in  a 
data  base  which  would  be  attached  to  the  transparency.  This 
data  base  must  be  permanent  in  that  it  must  not  lose  data 
over  time  or  with  loss  of  power.  Permanent  information  such 
as  date  of  manufacture,  fabrication  data,  and  maintenance 
infoirmation  would  be  contained  in  the  data  base  or  "storage 
module*  for  the  life  of  the  transparency  and  would  be 
available  for  immediate  access  when  needed.  Temporary 
information  such  as  raw  sensor  data  would  be  down- loaded  by 
the  crew  chief  on  a  regular  basis. 

The  transparency  data  recording  system  must  have  a  minimal 
impact  on  the  aircraft  systems  for  ease  of  canopy 
installation  and  removal.  It  must  be  capable  of  gathering 
data  even  if  the  canopy  is  not  attached  to  the  aircraft  but 
stored  in  a  hostile  environment.  In  order  to  meet  these 
requirements,  the  system  must  be  packaged  within  the 
transparency  and  frame.  Only  power  can  be  obtained  from  the 
aircraft. 


The  Transparency  Data  Acquisition  System 

A  system  is  being  designed  and  developed  to  meet  all  of  the 
requirement  which  were  previously  discussed.  A  diagram  of 
this  system  is  shown  in  Figure  1 . 


Tx  GRD 

Figure  1  Transparency  Data  Acquisition  System 

Six  basic  sensors  are  used  in  this  system  to  fully 
characterize  the  life  experience  of  the  transparency.  The 
sensors  are  "smart*  since  they  contain  a  microprocessor  to 
condition  and  convert  the  analog  signals  from  the  sensors 
into  digital  signals  for  transmission  to  the  control 
coitqputer  via  the  I^c  bus.  An  example  "Smart  Sensor*  is 
shown  in  Figure  2.  Each  module  is  about  1  inch  square 
depending  on  the  function  that  it  performs.  Effects  of 
noise  and  electromagnetic  interference  (EMI)  are  reduced  by 
using  an  all  digital  transmission  system.  Only  4  wires  are 
used  in  the  I^c  bussing  system  (SDA  -  serial  data,  SCL  - 
serial  clock, 
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F’iyute  2.  Example  Smni  I  Seiisui; 


Vcc  and  Ground)  .  Tliese  wires  can  l)e  very  small  since  tlie 
power  requirements  are  low.  This  allows  the  bus  to  be 
embedded  into  the  transparency  or  tlie  frame  of  tlie  canopy. 

The  storage  module  used  must  liave  enouyli  memory  to  contain 
manufacturing  data,  sensor  information,  and  burst  event 
data.  It  was  determined^  that  a  4  Meg  x  8  storage  module 
woulTi — be  “needed  to  perform  this  tasl<r““  “Various  memory 
technologies  were  evaluated  and  magnetoresistive  random 
access  memory  (MRAM)  was  selected  for  tlie  storage  module 
because  of  its  nonvolatility,  no  wear-out,  fast  write  speed 
(100  nanoseconds),  and  wide  temperature  range  (up  to 
300®C) .  Other  memory  technologies  such  as  Electrically 
Erasable  Programmable  Read-Only  Memory  (EEPROM) , 
Ferroelectric  Random  Access  Memory  (FRAM),  Flash 
Electrically  Erasable  Programmable  Read-Only  Memory  (Flash 
EEPROM) ,  and  battery  baclced  Static  Random  Access  Memory 
(SRAM)  have  limitations  such  as  limited  life  (100,000),  slow 
write  speed  (100  microseconds),  temperature  limitations 
(-40^0  to  +85^0,  and  potential  battery  failure.  MRAM  has 
none  of  these  problems  because  of  it's  basic  design.  The 
storage  module  uses  32  1  megabit  cliips  designed  by  NVE  which 
are  pacJtaged  in  a  standard  credit  card  size  module  shown  in 
Figure  3 . 

The  control  computer  conununicatos  witJi  the  various  smart 
sensors  and  stores  the  data  from  tljem  in  tlie  storage  module. 
The  control  computer  also  coiiununicates  with  an  external 
computer  sucli  as  a  hand  lield  device  to  down- load  tlie 
information  when  required.  This  communication  is 


accomplished  using  an  R5232  interface  with  a  small  4  pin 
connector  located  on  the  canopy. 
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Figure  3.  Storage  Module 

The  power  conversion  module  contains  the  circuitry  to 
condition  the  aircraft  power  for  battery  charging  and  system 
power.  It  also  contains  the  battery  management  circuit 
which  conditions  the  battery  when  charging  and  also  provides 
.maintenance  data  to  the  storage  module.  This  data  gives 
charging  information,  battery  useful  life,  history  of  the 
battery,  and  whether  it  is  faulty  or  has  been  removed  or 
replaced. 

F16  Transparency  Data  Acquisition 

The  system  described  in  this  paper  is  being  integrated  into 
an  F16  canopy  shown  schematically  in  Figure  4.  Care  has  to 
be  taken  in  the  placement  of  the  sensors  since  most  areas  in 
the  transparency  must  be  free  of  visual  obstructions.  Most 
sensors  can  be  mounted  along  the  base  of  the  transparency 
above  the  mounting  holes  since  they  do  not  require  light  to 
operate.  However,  the  Ultra  Violet  (UV)  sensor  has  to  be 
mounted  where  it  is  exposed  to  UV  radiation.  Two  locations 
are  available  which  will  not  restrict  the  pilot's  vision, 
one  in  front  of  the  heads-up  display  and  the  other  at  the 
back  on  top  of  the  canopy.  To  insure  that  the  storage 
module  with  the  transparency  life  history  cannot  be 
separated  from  the  transparency,  it  is  attached  to  it  near 
the  rear  left  side  on  the  back  of  an  identification  label. 
This  location  does  not  cause  a  vision  problem  as  shown  in 
Figure  4. 
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The  sensors  and  storage  module  have  to  be  attached  to  the 
transparency  for  the  reasons  stated  above.  However,  the 
power  control  circuit,  control  computer,  battery,  and  wiring 
can  be  mounted  in  the  frame  of  the  canopy.  If  the  frame  and 
the  transparency  are  separated  for  repair,  the  MRAM  in  the 
data  module  will  preserve  the  life  history  since  it  does  not 
require  back  up  power. 


F1 6  TRANSPARENCY 


Figure  4.  F16  Transparency  System  Integration 
Summary  and  Conclusions 

A  data  acquisition  system  is  being  developed  for 
transparencies  that  will  solve  the  problem  of  incomplete  and 
missing  environmental  and  life  history  data.  This  system  is 
modular  which  allows  it  to  be  applied  to  many  different 
transparency  configurations.  It  contains  6  basic  'smart 
sensors”  which  will  measure  all  of  the  environmental  effects 
that  a  transparency  can  experience. 

After  completion  of  the  laboratory  acceptance  test,  the 
Transparency  Recorder  will  be  operated  on  an  F16  aircraft  to 
obtain  further  information  on  its  performance.  Various 
operational  aspects  of  the  system  will  be  tested  such  as 
sensor  operation  and  accuracy,  data  compression  and  storage 
module  capacity,  environmental  operation,  power  conversion 
and  stability,  ESD  concerns,  and  power  loss  and  recovery. 
Results  of  the  operational  test  will  be  used  to  develop  a 
production  system. 
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The  design  and  refinements  of  transparencies  will  be 
enhanced  with  the  Transparency  Recorder  since  in-flight  data 
will  be  available  for  analysis  along  with  complete  life 
history.  This  system  can  be  incorporated  into  old  as  well 
as  new  transparency  designs  giving  the  designer  a  powerful 
new  tool.  It  will  also  give  the  user  a  more  accurate 
replacement  criteria  thus  reducing  costs. 
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ABSTRACT 

In  the  late  1980's,  Texstar  Engineers  embarked  on  a  quick  seal 
design  to  reduce  the  amount  of  time  necessary  to  install  and/or 
replace  an  aircraft  transparency.  The  system  Texstar  developed 
includes  a  one  piece  silicone  foam  pressure  seal,  along  with  an 
electrically  conductive  f luorosilicone  fairing  seal,  and  associated 
support  items . 

The  qualification  test  requirements  as  well  as  the  economics, 
specific  flight  test  results  and  birdstrike  test  Information  will 
be  discussed.  The  use  of  a  seal  system  similar  to  this  will  help 
the  Air  Force  reach  the  goal  of  4  men  installing  a  transparency  in 
4  hours. 
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TEXSTAR  DESIGNED  QUICK  SEAL  PROGRAM 
FOR  AIRCRAFT  TRANSPARENCIES 


IMTRODUCTIOW 

In  the  early  I980's,  Texstar  personnel  developed  a  program  to 
salvage  damaged  transparencies  used  on  the  F-16  program.  The 
damaged  transparencies  were  returned  from  the  field  with  various 
cuts  and  abrasions  caused  by  normal  flight,  handling,  and 
maintenance.  It  quickly  became  apparent  that  while  the  original 
damage  to  the  transparency  might  have  been  repairable,  the  damage 
caused  during  removal  sometimes  caused  structural  damage  which  was 
not  acceptable. 

Various  devices  used  to  remove  the  transparencies  included 
hammers,  chisels,  crowbars,  razor  knives  and  pocket  knives. 
Evidence  of  broken  knife  blades  embedded  in  the  thermoplastic 
structural  plies,  as  well  as  crowbar  indentions,  indicated  that 
certain  maintenance  crews  were  becoming  frustrated  trying  to  remove 
transparencies  for  routine  change  out.  See  Figure  1. 

It  turned  out  that  during  installation  of  a  transparency, 
various  amounts  of  PR-1425  liquid  sealant  was  used  between  the  unit 
and  the  frame,  depending  mostly  on  the  techniques  used  by  the 
various  maintenance  or  installation  personnel.  This  sealant  would 
harden  over  time“and  tended  to  bond  the  transparency  to  the  frame. 
This  bond  joint  was  difficult  to  reach,  which  added  to  the 
maintenance  crew's  frustrations. 

For  these  reasons,  and  because  Texstar's  Marketing  department 
saw  dollar  resources  which  enhanced  an  existing  product  line,  a 
"dry"  seal  development  project  was  initiated. 

There  are  actually  two  different  major  dry  seal  mechanisms 
available  for  use  on  the  F-16. 


DISCUSSION 

THE  FAIRING  SEAL  AND  THE  PRESSURE  SEAL 

The  fairing  seal,  shown  in  Figures  2  &  3,  is  a  conductive 
f luorosilicone  rubber  which  seals  the  aluminum  fairings  down  the 
outside  longeron  areas.  It  is  actually  bonded  onto  the  aluminum 
fairing  using  a  quick  cure  conductive  adhesive  and  compresses 
against  the  outside  surface  of  the  transparency  when  on  the 
aircraft.  It  usually  remains  a  single  continuous  piece  down  the 
side  of  the  transparency,  but  can  be  cut  and  spliced  as  required. 
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When  fairings  are  removed  for  any  reason,  the  conductive  fairing 
seal  is  reused  when  the  fairings  are  reinstalled.  End  cap  close 
outs  complete  the  seal  at  the  forweird  ends.  These  are  bonded  using 
the  same  adhesive  and  eliminate  the  possibility  of  moisture,  etc. 
from  getting  inside  the  extruded  seal. 

The  pressure  seal,  shown  in  Figures  4  &  5,  is  a  silicone 
sponge  material.  It  is  assembled  into  a  compound  shape  on  a  master 
assembly  jig.  This  shape  matches  the  contour  of  the  cast  and 
machined  aluminum  frame.  A  double  back  tape  is  applied  to  the 
frame  contacting  surfaces,  which  holds  the  seal  in  place  prior  to 
transparency  installation.  Holes  punched  through  the  seal  are 
slightly  smaller  than  the  bolt  diameter  used  during  installation, 
thus  allowing  a  pressure  seal  around  the  bolt  as  well  as  the  frame. 

A  forward  hoop  cover  and  fairing  seal  end  caps  round  out  the 
quick  seal  system.  See  Figures  6  &  7.  This  thin  (.030”)  thick 
sheet  of  f luorosilicone  rubber  eliminated  the  wet  adhesive  filler 
material  required  to  protect  the  leading  edge  of  the  canopy.  The 
injection  molded  end  caps  seal  the  forward  opening  of  the  fairing 
seal. 

The  use  of  "dry”  type  seals  in  aircraft  windshield/canopy 
applications  was  not  a  new  idea.  Several  aircraft  (both  military 
and  commercial)  have  used  seals  for  many  years.  Nevertheless,  the 
dry  seal  system  required  extensive  testing  prior  to  being  cepted 
as  qualified  for  flight  on  an  F-16  aircraft. 

"  '“  Texstar's  internal  testing  to  determine  the  bes-’.  .  ge  of" 
material  for  use  included: 

1)  Tensile  tests 

2)  Long  term  weathering  tests 

3)  Chemical  resistance  tests 

4)  Pressure  tests 

5)  Rain  leakage  tests 

6)  Birdstrike  tests 

All  testing  was  designed  around  the  requirements  of  the 
General  Dynamics  (now  Lockheed  Fort  Worth)  transparency 
specification  162K002E. 

Since  the  two  place  (B/D)  series  aircraft  contained  the 
largest  seal  surface  area,  it  was  chosen  for  the  evaluation  base  on 
the  full  scale  tests,  specifically  the  pressure  rain  leakage  and 
birdstrike  tests.  See  Figure  8. 

The  first  full  scale  test  utilized  non  optical  production 
version  F-16  transparencies  on  a  customer  supplied  frame. 


The  pressure  test  consisted  of  five  sets  of  pressure/ 
temperature  variations  as  follow  in  Table  1.0. 


TEST 

TEMPERATURE 

CONDITIONS 

Test  1 

85-1 OO-F 

0-8  psi  in  1 .5  nf\inutes,  hold  for  1 .5  minutes,  then  to  0 
in  1 .5  minutes  times  600  cycles 

Test  2 

1  TO^FjtS- 

Same  as  above  times  200  cycles. 

Test  3 

-20‘‘Fj^5* 

0  -  5.7  psi  in  1.5  minutes,  hold  for  1.5  minutes,  then 
to  0  in  1.5  minutes  times  200  cycles 

Test  4 

-20*Fi.5* 

0-8.5  psi  in  2  minutes,  hold  for  5  seconds,  reduce  to 
0  in  2  minutes  times  1  cycle 

Test  5 

225‘‘Fj.5'’ 

0  - 1 2.5  psi  in  3  minutes,  hold  for  5  seconds,  reduce  to 
0  in  3  minutes  times  1  cycle 

TABLE  1.0 

After  completion  of  all  pressure  testing,  the  same 
transparencies  were  checked  for  leaks  by  continuously  spraying 
water  on  the_„inside_f or  45  minutes.  No  significant  leakage  was 
found." .  . . 


The  rain  leakage  test  was  primarily  for  testing  the  fairing 
seals. 

The  fairing  seals  were  bonded  to  the  aluminum  fairings  using 
PTV167  sealant.  After  cure,  the  canopies  were  flooded  with  water 
for  30  minutes.  Minor  amounts  of  water  leakage  was  found  upon 
fairing  removal;  however,  this  was  attributed  to  a  mismatch  of  the 
fairings  used  in  the  test.  Due  to  the  extremely  minor  amount  of 
water,  the  seal  was  considered  acceptable. 

Birdstrike  testing  using  a  dry  seal  was  demonstrated  on 
several  occasions.  Both  Sierracin/Sylmar  manufactured  units  and 
Taxstar  manufactured  units  were  fit  with  seals  prior  to  birdstrike 
testing.  Texstar  recently  fitted  a  next  generation  version  of  the 
F-16  transparency  with  a  dry  pressure  seal  and  successfully  passed 
a  birdstrike  test  with  a  4  lb.  bird  at  over  550  knots.  No 
detrimental  effects  were  found  in  any  of  the  testing. 

On  December  26th,  1988,  the  first  fairing  seal  was  flown  at 
Hill  Air  Force  base  in  Ogden,  Utah.  Additional  seals  were  later 
installed  at  Hill  Air  Force  Base  as  well  as  Bodo  Main  Air  Station 
in  Bodo,  Norway.  All  fairing  seals  were  originally  non-conduct ive. 
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The  conductive  additive  was  requested  in  1992,  to  help  drain  static 
built  up  on  the  surface  of  the  transparencies  during  flight. 

The  first  pressure  seal  was  installed  in  March  of  1990,  at 
Hill  Air  Force  Base,  after  extensive  installation  testing  at 
Texstar  and  Lockheed  (then  General  Dynamics)  in  Fort  Worth,  Texas. 

In  June  of  1990,  the  transparency  on  this  trial  "test” 
aircraft  was  replaced  with  another.  The  same  dry  seal  was  reused 
and  is  still  in  operation  on  that  aircraft. 


SUMMARY 

Highlights  of  this  quick  seal  system  are  as  follows; 

•  The  seal  can  be  installed  in  approximately  8  manhours, 
compared  to  32  manhours  now  required  using  the  wet  sealant 
method. 

•  The  aircraft  is  ready  for  pressure  checks  and  flight 
immediately  after  installation.  A  12  hour  cure  time  is  not 
required. 

•  It  is  not  necessary  to  re-torque  the  attachment  bolts. 
Currently  the  T.O.  requires  a  one-hour  wait,  then  a  re-torque 

of  all  bolts. . . This  is  because  since  no  wet  sealant  is  used- 

causing  a  gelatinize  effect  on  the  original  torque  readings. 

•  Once  the  dry  seal  has  been  installed  on  a  clean  canopy  frame, 
it  will  not  be  necessary  to  scrape  the  old  sealant  from  the 
metal  frame.  The  scraping  of  the  old  sealant  from  the  frame 
can  result  in  damage  to  the  paint,  primer  and  alodine  coats. 
The  loss  of  the  protective  coating  has  been  shown  to  allow 
corrosion  of  the  metal. 

•  The  pressure  seal  can  be  reused.  This  was  proven  on  the  test 
aircraft  at  Hill. 

•  The  transparency  is  less  likely  to  be  damaged  during  removal 
using  the  dry  seal.  Many  potentially  salvageable 
transparencies  are  damaged  beyond  repair  because  of  removal 
damage  when  the  wet  sealant  is  used. 

•  T.O.  16W2-5-2  has  many  warnings  that  the  wet  sealing  compound 
is  toxic  and  emits  harmful  vapors.  The  dry  seal  is  a  cured 
silicone  and  does  not  emit  harmful  vapors. 
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•  Since  the  fairing  seal  is  made  froc  silicone,  it  will  not 
crack  like  the  wet  sealant  now  does.  When  the  wet  sealant 
cracks  between  the  fairing  and  the  transparency,  water  can  be 
trapped  in  the  joint  of  the  longeron  sill  on  the  canopy  frame, 
potentially  causing  corrosion. 

•  Estimated  average  weight  savings  of  the  dry  seal  system  versus 
the  wet  sealant  is  4.0  lbs.  on  single  seat  version  and  8.6 
lbs.  on  twin  seat. 


COHCLUSION 

The  Texstar  designed  quick  seal  program  for  aircraft 
transparencies  has  successfully  demonstrated  that  a  dry  sealing 
system  can  be  utilized  in  today's  high  speed,  highly  technical 
transparency  environments. 

Savings  to  the  user  includes  monetary  savings,  installation 
time  savings,  weight  savings,  downtime  savings  and  repair  savings. 

The  U.S.  Government  has  evaluated  these  savings  and  has 
purchased  the  data  rights  for  the  F-16  program. 

This  data  enables  other  manufacturers  to  build  on  the  success 
of  this  dry  seal  program,  and  should  mean  a  savings  for  us  the 
taxpayer,  on  existing  and  future  transparency  programs. 


581 


✓ 

"/ 


roP 


/^£AA£fVe 

.  //:  j^£^^‘o.  *V/7'V 

/2A^O/Z  /5>y.AD£ 


TOCSCftR,  INC. 


Flgur*  4 


58 


5003950-01  SEAL  SYSTEM  KIT 


&0W^-‘ 


3»g'i»i 


imm 


"^w.z 


QUICK  FIX  AND  QUICK  CHANGE  OF  TRANSPARENCIES 


M.  E.  Kelley 

Flight  Dynamics  Laboratory 
Wright  Laboratory 


590 


QUICK  FIX  AND  QUICK  CHANGE  OF  AIRCRAFT  TRANSPARENCIES 

1.  Aircraft  windshields  and  canopies  are  items  that  must  be 
present  and  serviceable  for  the  aircraft  to  fly.  Units  have  a 
strong  incentive  to  have  operational  aircraft  for  various  peacetime 
missions  (training,  etc) ,  and  an  even  stronger  incentive  to  have 
aircraft  available  for  combat  sorties  during  a  conflict. 

2.  Aircraft  transparencies  are  subject  to  gradual  damage  and 
deterioration  (fair  wear  and  tear)  to  their  optical 
characteristics,  and  when  they  get  bad  enough  they  are  either 
repaired,  or  scheduled  for  replacement  at  some  convenient  time. 
There  are  many  factors  that  help  determine  the  "convenient  time,", 
to  Include  the  types  of  missions  the  aircraft  must  fly  and  which 
ones  can  be  flown  by  other  aircraft  instead  (cancel  night  flights, 
for  example) ,  when  the  aircraft  is  off  the  flying  schedule  for 
other  reasons,  and  when  there  is  a  replacement  part  available.  If 
the  transparency  is  not  repairable,  there  is  still  a  need  to  keep 
them  usable  until  they  can  be  replaced. 

3.  One  of  the  most  important  considerations  for  operational  units 
is  to  have  usable  aircraft.  There  is  a  need  for  both  "quick  fix" 
techniques  to  make  permanent  and  temporary  repairs  to  keep 
deteriorated  transparencies  usable,  and  "quick  change"  technigues 
for  transparency  replacements  so  that  aircraft  are  returned  to 
operational  status  in  minimum  time.  This  paper  will  address  both 
"quick  fix"  and  "quick  change"  techniques  4;pplicable  to  aircraft 
'transparencies. .  ■  . .  .  . 

4.  A  brief  word  on  the  scope  of  this  paper  should  help  the  reader. 
For  this  paper,  battle  damage  repair  techniques  will  not  be 
addressed  since  many  of  those  emergency  repairs  would  not  be  used 
in  peacetime.  Some  transparencies  that  cannot  be  repaired  at  unit 
level  could  be  repaired  by  commercial  companies  or  depots,  but 
those  repair/restoration  techniques  will  not  be  considered  in  this 
paper.  In  addition,  the  "quick  fix"  techniques  that  will  be 
addressed  have  been  developed  for  acrylic  transparencies.  The 
permanent  repair  type  of  "quick  fix"  would  not  be  applicable  to 
either  glass  or  polycarbonate  transparencies.  The  temporary 
improvement  "quick  fix"  techniques  would  help  with  any 
transparency,  but  would  be  most  applicable  to  acrylic.  The  "quick 
change"  techniques  apply  to  all  types  of  transparency. 

5.  Windshields  and  canopies  can  suffer  many  different  types  of 
damage  and  deterioration.  Various  coatings  exist  which  could  be 
applied  in  a  factory  environment  and  greatly  reduce  vulnerabilities 
to  in-flight  abrasion.  Other  papers  by  other  authors  will  address 
such  coatings.  Prevention  is  a  preferred  approach,  but  very  few 
parts  presently  flying  have  such  coatings.  Operational  units  must 
therefore  have  ways  to  deal  with  the  problems  that  presently 
installed  transparencies  will  experience. 
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6.  QUICK  FIX:  Some  (but  certainly  not  all)  of  these  problems  can 
be  effectively  treated  with  some  quick  fix  techniques.  Common 
problems  and  candidate  solutions  include  the  following: 

a.  Severe  structural  damage  is  uncommon,  but  when  it  occurs 
there  is  no  repair  option  (excluding  battle  damage  repair 
techniques)  and  the  transparency  must  be  replaced  before  the  next 
flight.  Quick  change  techniques  will  come  into  play  instead. 

b.  Gouges  and  scratches  cannot  be  effectively  repaired  at  unit 
level,  but  such  defects  can  usually  be  tolerated  for  several  days 
(or  longer)  until  there  is  a  convenient  time  to  replace  the 
transparency.  The  defect (s)  might  cause  a  limitation  in  the 
missions  the  aircraft  can  fly,  such  as  no  night  flicjhts.  The  "put 
up  with  it"  approach  is  not  a  temporary  "quick  fix,"  but  it 
sometimes  has  a  similar  effect  on  aircraft  availability. 

c.  Crazing  is  a  condition  that  gradually  develops  over  many 
months,  and  these  is  no  effective  repair  technique.  Transparency 
replacement  is  the  only  solution,  but  the  replacement  action  can  be 
scheduled  for  a  convenient  time. 

d.  Severe  abrasion  can  occur  in  one  flight,  creating  haze  that 
msdces  the  transparency  unusable.  Abrasion  is  a  common  and  serious 
problem  for  aircraft  transparencies  when  aircraft  fly  at  low 
altitudes  in  desert  environments.  Airborne  dust  and  dirt  sand¬ 
blast  the  surface,  causing  severe  haze.  Such  conditions  must  be 
dealt  -with  before  the  next  flight  since  in-flight  abrasion 
typically  effects  the  entire  windshield.  Fortunately,  abrasion  is 
also  a  defect  that  can  be  effectively  dealt  with  using  "quick  fix" 
techniques.  Desert  Shield  aircraft  experienced  some  abrasion 
problems,  and  quick  fix  solutions  were  devised  to  help  the 
operational  units. 

7.  Abrasion  "quick  fixes"  fit  into  two  categories,  permanent 
repairs  and  temporary  improvements. 

a.  Permanent  repairs  consist  of  light  sanding  and  polishing  to 
remove  the  outer  abraded  surface,  leaving  a  smooth  surface. 

(1)  The  standard  technique  used  for  decades  relies  upon 
skill  and  elbow  grease,  with  an  individual  using  the  sand 
paper/pollshlng  materials  by  hand.  This  treatment  is  typically 
attempted  when  there  is  mild  abrasion,  and  severely  abraded 
windshields  are  discarded.  The  repair  takes  about  25  hours  of 
labor,  which  means  it  will  take  several  days  (or  several  people 
working  in  shifts  for  one  day)  before  the  aircraft  is  again 
available.  This  is  not  very  quick. 

(2)  The  new  "quick  fix"  technique  uses  the  same  concept, 
with  the  addition  of  hand  held  powered  sanding/pollshlng  equipment. 
Significant  skill  is  still  needed,  but  a  windshield  can  be  restored 
to  a  low  haze/good  optical  clarity  condition  in  about  6  hours.  In 
addition,  windshields  with  very  severe  haze  can  be  (and  have  been) 
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successfully  restored.  The  powered  equipment  technique  increases 
the  number  of  windshields  that  can  be  repaired  instead  of 
discarded,  and  reduces  the  time  needed  for  each  repair.  The  F-15E 
SPO  deserves  the  lion  share  of  the  credit  for  developing  the 
powered  polishing  kit  approach,  with  our  office  providing 
assistance.  Our  office  probably  did  not  provide  enough  assistance 
to  earn  large  credit  for  the  success,  but  we  did  provide  enough 
assistance  to  receive  large  blame  if  the  concept  hadn't  worked. 

(3)  The  kits  were  successfully  used  by  Desert 
Shield/Desert  Storm  units  to  restore  optical  clarity  to  F-15 
windshields.  The  kits  have  also  been  successfully  used  for  several 
years  by  other  F-15  units  flying  in  CONUS  desert  environments. 
Over  SO  F-15  windshields  have  been  repaired  with  the  new  procedure 
and  have  remained  in  service. 

(4)  The  process  of  removing  very  thin  layers  of  material 
cannot  be  repeated  indefinitely,  whether  or  not  the  powered 
equipment  is  used.  The  process  can  be  performed  several  times 
before  the  transparency  would  no  longer  be  serviceable.  Thickness 
reductions  causing  strength  reductions  would  be  a  concern,  and 
there  should  also  be  some  thought  given  to  possible  strength  loss 
due  to  very  long  service  lives.  Pass/ fail  criteria  will  have  to  be 
different  for  thin  acrylic  canopies  versus  thick  acrylic 
windshields,  and  should  include  both  strength  and  optics.  For 
windshields  in  abrasive  environments  the  creation  of  distortion 
would  probably  be  the  factor  that  would  determine  when  .the 
windshield  had  to  be  replaced.  How  many  times  could  the  process  be 
repeated?  Skill  of  the  maintenance  personnel  and  severity  of  the 
abrasion  would  bo  main  factors.  Three  times?  Probably.  Six 
times?  Perhaps.  Ten  times?  Very  unlikely. 

8.  QUICK  CHANGE:  Aircraft  being  flown  by  operational  units  (or 
commercial  companies)  are  valuable  assets  when  they  are 
operational . 

a.  A  military  organization  must  be  able  to  fight  with  the  bad 
guys,  while  a  commercial  organization  must  be  able  to  earn  money  by 
moving  people  and  cargo.  An  aircraft  that  is  out  of  commission 
contributes  little  to  an  organizations 's  ability  to  "meet  the 
mission."  While  the  missions  are  very  different,  some  of  the  same 
factors  effect  both  types  of  organization. 

b.  Manhours  needed  to  replace  a  part  such  as  a  windshield  are 
always  important,  and  design  details  of  windshield  and  canopy 
systems  have  a  large  effect  on  the  number  of  manhours  needed  for 
each  transparency  replacement. 

c.  For  military  organizations  and  commercial  companies  an  even 
more  important  consideration  is  the  total  time  the  aircraft  is  out 
of  commission.  Design  details  are  important  here  also,  especially 
the  type  of  seal/sealant  system  used  to  install  the  transparency 
into  the  frame.  The  seal/sealant  systems  used  fit  into  one  of  the 
following  four  categories: 
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(1)  Wet  sealant; 


(2)  Dry  seals  that  are  included  as  part  of  the 
manufactured  transparency; 

(3)  Dry  seal  systems  that  are  retrofitted  into  existing 
aircraft  and  helicopters;  and 

(4)  Non-curing  sealants. 

9.  There  are  advantages  and  disadvantages  to  each  of  the  candidate 
approaches  that  are  used. 

a.  Wet  sealants  have  been  the  most  common  sealant  concepts 
used  when  installing  DoD  transparencies.  Their  advantages  and 
disadvantages  include  the  following: 

(1)  Advantages: 

(a)  Compensate  for  irregularities  and  gaps  in  frames. 

(b)  When  designing  and  making  aircraft  and  canopy 
frames,  can  be  less  exact.  Wet  sealants  use  would  allow  tolerances 
to  be  less  demanding. 

(c)  Since  time  needed  for  sealant  cure  has  little  or 
no  effect  on  the  time  needed  to  manufacture  aircraft  or  to  perform 
depot  level  maintenance,  the  disadvantages  of  wet  sealant  use  have 
little  effect  on  either  manufacturing  or  depot  maintenance 
functions.  In  addition,  the  aircraft  manufacturing  function  would 
not  be  removing  Installed  parts  and  consequently  would  not  be 
effected  by  any  increased  difficulty  in  removing  parts  which  were 
installed  with  wet  sealant. 

(2)  Disadvantages: 

(a)  Aircraft  out  of  commission  1  to  4  days  (or 

longer) . 

(b)  Wet  sealant  is  messy  and  time  consuming  to  remove. 

(c)  Cure  time  l  to  3  days  at  70  degrees  F. 

(d)  In  winter,  aircraft  must  stay  in  heated  building 
until  the  sealant  has  completed  it's  cure.  Cure  time  is  a  function 
of  temperature,  and  cold  temperatures  can  stop  the  curing  process. 

(e)  Increasing  temperatures  can  accelerate  sealant 
cure,  but  intentionally  raising  the  temperature  with  heat  lamps  (or 
the  standard  practice  of  parking  the  aircraft  outside  in  hot 
summer)  might  cause  other  problems.  Some  transparencies  have  been 
damaged  from  improper  use  of  heat  lamps.  Elevated  temperatures 
also  make  it  easier  for  hostile  chemicals  to  attack  plastics  and 
cause  hidden  structural  damage. 
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(f)  Sealant  is  a  two  part  material  that  must  be  mixed 
together.  This  requires  significant  physical  effort  if  a  machine 
is  not  available  to  do  the  mixing.  Occasionally,  some  sealant 
material  is  not  mixed,  and  that  unmixed  material  will  never  cure. 

(g)  Pressure  checks  are  performed  when  sealant  cure  is 
completed.  Aircraft  fail  pressure  checks  5%-10%  of  the  time  (F-111 
results) ,  requiring  use  of  more  vet  sealant  and  additional  cure 
time.  In  some  cases  the  transparency  must  be  removed  and 
reinstalled  with  new  sealant,  especially  if  some  of  the  sealant  had 
not  mixed  well  and  was  not  curing. 

(h)  Wet  sealant  usually  has  a  6  month  shelf  life, 
assuming  good  storage  temperatures.  The  supply  system  often 
delivers  sealant  with  expired  shelf  life  to  operational  units,  who 
use  it.  E:^ired  sealant  is  typically  harder  to  mix  and  use,  but 
usually  seems  to  works  OK. 

(i)  It  is  not  uncommon  for  pressure  leaks  to  develop 
with  transparencies  that  have  been  installed  for  lengthy  periods, 
due  to  deterioration  of  cured  vet  sealant.  (Could  use  of  expired 
sealant  sometimes  be  a  factor?  Perhaps.)  Such  leaks  are  almost 
never  severe  enough  to  cause  in  flight  emergencies,  but  must  be 
plugged  (using  more  vet  sealant  with  cure  time)  before  the  next 
flight. 

"  (j)  Once  mixed,  wet  sealant  starts  to  cu^^  "Working 
time"  is  the  time  before  the  curing  process  proceeds  so  far  that 
the  sealant  becomes  stiff.  The  transparency  must  be  installed  and 
the  bolts  tightened  before  the  working  time  is  up.  If  there  is  a 
problem  or  delay,  the  partially  cured  sealant  must  be  removed  and 
the  transparency  Installation  process  begun  again.  For  large 
transparencies  with  many  bolts,  sealant  with  long  working  time  is 
needed.  Sealants  with  working  times  of  two  hours  typically  have 
cure  times  of  three  days. 

(k)  Most  wet  sealants  available  for  use  have 
aggressive  chemicals  that  can  cause  structural  damage  to 
unprotected  plastics.  If  the  vet  sealant  chemicals  can  reach  the 
plastic  (example:  bolt  holes) ,  cracks  and  strength  loss  can  occur. 

(l)  Sealant  cost  varies  widely,  up  to  $50  per  tube. 
More  than  one  tube  is  often  needed  for  a  transparency  Installation. 

b.  Dry  seals  being  included  as  an  integral  part  of  the 
transparency.  This  is  the  PREFERRED  approach,  and  designers  of  new 
aircraft  are  urged  to  use  this  approach.  This  is  the  typical 
approach  used  for  decades  with  commercial  passenger  aircraft. 
Advantages  and  disadvantages  are  given  below. 

(1)  Advantages: 

(a)  Minimizes  aircraft  down  time. 
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(b)  Zero  extra  tine  and  effort  needed  by  maintenance 

personnel. 

(c)  Cleaner  and  neater;  no  ness. 

(d)  No  delay  before  performing  pressure  checks  and 
flying  aircraft. 

(e)  Proven  approach;  decades  of  experience  with 
commercial  aircraft. 

(2)  Disadvantages: 

(a)  Cannot  compensate  for  large  gaps,  Irregularities 
in  frames  of  aircraft  and  canopies. 

(b)  Retrofits  to  older  aircraft/helicopter  may  be 
difficult,  if  aircraft/helicopter  was  designed  with  wet  sealants  in 
mind. 


(c)  Request  for  Purchase  (RFP)  must  be  revised  to  ask 
for  dry  seal  with  new  procurement.  This  requires  detailed 
knowledge  of  aircraft  frame  details,  candidate  dry  seal  systems, 
and  knowing  what  to  ask  for  and  how  to  test  the  new  system  to 
determine  if  it  will  work  properly.  This  ain't  easyl  Those  who 
would  benefit  (folks  in  operational  units)  aren't  the  ones  that 
would  expend  the  time  and  effort,  so  it  should  not  be  surprising 
when  the  status  quo  (wet  sealant)  tends  to  remain  in  use. 

c.  Dry  seal  retrofit,  typically  onto  the  aircraft  or  canopy 
frame.  Retrofitting  a  dry  seal  onto  existing  transparencies  that 
do  not  have  dry  seals  is  also  a  possibility,  but  having  new 
transparencies  manufactured  with  dry  seals  would  almost  always  be 
preferred  to  a  retrofit  to  the  transparencies. 

(1)  Advantages: 

(a)  If  the  dry  seal  is  reusable  (regains  shape  after 
crushing  load  removed) ,  the  retrofit  dry  seal  approach  has  similar 
advantages  to  the  preferred  approach  (dry  seal  on  transparency) . 
These  Include  minimize  maintenance  effort,  and  minimize  aircraft 
down  time. 


(b)  Gaps  and  irregularities  in  aircraft  and  canopy 
frames  could  be  permanently  plugged /smoothed  during  initial 
Installation  of  dry  seal. 

(c)  Some  dry  seals  aze  very  strong  and  very  resistant 
to  chemical  attack. 

(2)  Disadvantages: 

(a)  Significant  design  and  testing  effort  might  be 

needed. 
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(b)  Cry  seal  is  a  separate  item;  installation 
techniques,  inspection  procedures,  and  training  of  personnel  will 
be  needed. 

(c)  Dry  seal  nay  not  be  reusable  if  installed  for 
lengthy  period,  or  if  damaged  during  transparency  removal.  Removal 
and  replacement  of  dry  seal  might  be  time  consuming. 

(d)  Cost  varies  widely;  $100  or  more  per  transparency, 
d.  Non-curing  sealant;  “Tacky  Tape." 

(1)  Advantages: 

(a)  Proven  concept:  F-16  (about  1980),  F-111 

windshields  and  canopy  hatch  transparencies  (1989),  F-4  one  piece 
windshield  (1989),  F-15  windshield  (end  1991),  A-4  windshield 

(1993) .  We  have  been  told  of  successful  (but  unauthorized) 
transparency  installations  on  other  aircraft  using  Tacky  Tape. 

(b)  Simple  installation. 

(c)  Easier,  faster  cleanup  than  wet  sealant. 

(d)  Minimize  maintenance  manhours  and  aircraft 
downtime.  No  cure  time  needed;  conduct  pressure  checks 
immediately.  When  adopted  for  the  F-111  transparency,  reduced 
maintenance  manhours  by  40%  and  aircraft  downtime  by  90%.  This  was 
equivalent  to  adding  9  F-llls  to  the  fleet  in  terms  of  aircraft 
availability. 

(e)  Compensates  for  gaps,  irregularities  in  frames. 

(f)  Pressure  leaks  very  rare;  much  fewer  than  Wet 

sealant. 

(g)  Easy  to  retrofit  onto  many  existing  aircraft. 

(1)  One  week  was  needed  to  develop  and  conduct 
initial  tests  with  the  Tacky  Tape  sealant  procedures  for  the  F-111. 
Several  F-111  Wings  adopted  the  new  Tacky  Tape  procedures  before 
they  received  a  copy  of  the  procedures.  They  found  that  the 
message  describing  the  test  effort  was  all  they  needed.  (Note: 
The  draft  procedures  authored  by  WL/FIVR  in  1989  are  still  in  use. 
A  message  authorized  the  use  of  the  FIVR  document  until  the  foirmal 
Tech  Order  change  was  published,  and  units  are  content  with  the 
status  quo  and  the  draft  document.) 

(2)  A-4  windshield  procedures  were  developed  in 
about  1  day  by  US  Navy  personnel  at  depot.  The  Navy  personnel  were 
given  some  rolls  of  Tacky  Tape  and  a  couple  page  letter  on  "how  to 
create  new  windshield  install  &  remove  procedures,"  and  they 
created  the  new  procedures  without  difficulty. 
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(h)  Indefinite  shelf  life. 

(i)  Cost  very  low.  About  $5.00  of  Tacky  Tape  needed 
to  install  F-111  windshield. 

(j)  Fewer  transparency  failures  due  to  damage  caused 
by  "removal  to  facilitate  other  maintenance."  Soma  F-111 
transparency  designs  had  a  high  failure  rate  during  removals,  with 
the  inner  edge  member  tearing  off  due  to  adhesion  with  the  wet 
sealant.  Similar  failures  still  occur  when  Tacky  Tape  is  used,  but 
not  as  frequently. 

(2)  Disadvantages: 

(a)  Hot  a  true  "dry  seal;"  has  some  install  and 
cleanup  time.  Much  better  than  wet  (curing)  sealant,  but  not  as 
good  as  the  zero  time  with  a  dry  seal  that  is  part  of  the 
transparency. 

(b)  Some  transparency  failures  during  "removal  to 
facilitate  other  maintenance."  Significant  improvement  over  wet 
sealant,  but  not  as  good  as  dry  seals  which  would  eliminate  most  of 
these  failures. 

(c)  Might  not  be  appropriate  for  thin  acrylic 
transparencies.  Tacky  Tape  is  fairly  tough  stuff,  and  will  not 
"flow"  as  quickly  and  easily  as  uncured  wet  sealant.  Load 
concentrations  might  be  created  at  the  bolt  holes  in  the  thin 
acrylic  transparency  when  bolts  are  tightened.^^  ^ 

(d)  So  easy  to  use  there  is  a  temptation  to  use  it 
where  it  is  inappropriate.  (He  do  not  advocate  making  Tacky  Tape 
harder  to  use  as  the  "fix"  for  this  "disadvantage.") 

(1)  Mot  recommended  for  panels  that  must  be  blown 
off  or  cut  out  during  emergency  escape,  unless  specific  formal 
tests  prove  the  Tacky  Tape  will  not  Interfere  with  the  emergency 
escape  process. 


(2)  Most  thin  panels  are  probably  not  good 
candidates  for  Tacky  Tape  use  as  a  "ripple"  effect  could  result 
along  the  edges,  with  the  Tacky  Tape  holding  the  panel  out  slightly 
between  each  bolt  hole. 

(3)  It  would  not  be  difficult  to  detezmine  which 
panels  and  other  items  could  use  Tacky  Tape.  However,  the  approach 
used  to  find  out  what  works  and  what  doesn't  work  will  largely 
determine  when  (or  if)  successes  will  be  transitioned  to  wide 
operational  use. 


(a)  On  many  occasions,  maintenance  personnel 
in  operational  units  have  quickly  developed  successful  solutions  to 
operational  problems.  Sometimes  the  solutions  have  been  devised  in 
hours  or  days,  especially  in  combat  situations.  (Necessity  is  the 
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mother  of  invention.)  Maintenance  personnel  in  operational  units 
could  probably  find  many  items  where  Tacky  Tape  use  would  be 
beneficial  if  they  did  some  experimenting.  However,  it  is 
difficult  (and  risky)  to  officially  report  successful  but 
unauthorized  do-it-yourself  solutions  so  that  they  can  be  widely 
adopted.  It  can  also  be  risky  to  careers  to  ask  for  help  when  the 
unauthorized  actions  are  not  successful.  (Who  can  you  ask?  Who  do 
you  trust?)  And,  if  catastrophic  failures  occur  folks  can  be  in 
BIG  trouble! 


(b)  When  tests  are  official  and  authorized, 
successful  applications  can  be  formally  adopted  and  widely  used, 
unsuccessful  applications  can  be  identified  and  publicized,  and 
other  experts  can  be  consulted  whenever  unexpected  problems  are 
encountered.  Catastrophic  failures  in  the  laboratory  environment 
produce  interesting  and  helpful  information,  and  usually  no  one 
gets  very  excited  or  upset  when  such  events  occur.  Authorized 
testing  efforts  usually  take  a  while  to  set  up,  but  lab  efforts 
have  created  solutions  in  less  than  a  month  when  the  problem  was 
very  urgent.  A  well-conceived  research  effort  should  involve  those 
who  need  the  problem  solved,  and  maintenance  personnel  would  be 
valuable  participants  in  planning  and  conducting  such  an  effort. 

(c)  Engineers  in  laboratory  organizations  and 
personnel  in  operational  units  might  try  the  same  things  when 
attempting  to  devise  an  answer  to  an  operational  problem,  and  both 
might  develop  the  same  solution.  One  would  be  called  "research,** 
while  the  other  might  be  called  "failure  to  follow  tech  data." 
Research  results  are  much  easier  to  document,  validate,  and 
transition  to  vide  operational  use. 

10.  Aircraft  transparency  systems  can  be  used  as  examples  for  why 
various  slogans  and  sayings  are  valid.  In  our  various  transparency 
efforts  we  have  occasionally  shown  that  "Murphy *s  Law"  is  valid, 
but  we've  managed  to  overcome  whatever  Murphy  put  in  our  way.  We 
have  avoided  using  the  slogan  "*Tis  better  to  have  tried  and 
failed..."  with  any  of  our  efforts,  and  hope  that  others  can  also 
avoid  this  saying.  Perhaps  every  present  and  future  transparency 
system  can  eventually  be  a  success  story,  showing  the  validity  of 
slogans  such  as  "plan  ahead,"  "do  it  right  the  first  time,"  "a 
stitch  in  time  saves  nine,"  and  "where  there's  a  will,  there's  a 
way." 


MALCOLM  E.  KELLEY 
Operational  Diagnostician 
Aircrew  Protection  Branch 
Vehicle  Subsystems  Division 
Flight  Dynamics  Directorate 
Wright  Laboratory 
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COCKPIT  SOLAR  SHIELDS  FOR  DOD  AIRCRAFT 
. . .A  Not-So-Short  History  of  the  Program 


1.  Hot  cockpits  caused  by  solar  heating  are  an  annoying  and  costly 
problem.  Temperatures  inside  aircraft  and  helicopter  cockpits  have 
been  measured  at  over  215  degrees  F  at  some  CONUS  locations,  and 
some  overseas  locations  can  generate  even  higher  temperatures. 
These  temperatures  are  not  good  for  cockpit  equipment  and 
materials,  and  are  not  good  for  maintenance  and  aircrew  personnel. 

2.  There  are  various  approaches  that  can  be  used  to  try  and 
overcome  the  hot  cockpit  problems.  This  paper  will  focus  on  one  of 
these  approaches:  reflective  cockpit  solar  shields.  Another  paper 
will  address  exterior  covers.  However,  one  should  be  aware  that 
there  are  many  different  approaches  that  can  be  tried,  and  many  of 
these  other  approaches  are  being  used.  They  vary  greatly  in 
effectiveness,  cost,  and  practicality.  Candidate  approaches  that 
have  been  used  or  that  one  might  consider  using  include: 

a.  Redesign  cockpits  so  that  avionics  equipment,  emergency 
escape  systems,  canopies,  fabrics,  plastics,  and  all  other  cockpit 
materials  will  survive  temperature  extremes.  Advantages:  If 
successful,  redesign  of  one  piece  of  equipment  will  increase  the 
service  life/reliability  of  that  one  item.  Disadvantages:  Costly 
and  only  partially  effective;  only  helpful  for  specific  items  that 
are  redesigned.  Does  little  or  nothing  to  help  personnel  who  must 
sit  in  the  cockpits.  -  - 

b.  Change  work  schedules  for  maintenance  and  aircrew  personnel 
so  that  cockpits  are  avoided  durl.ig  the  hottest  periods. 
Advantages:  Reduces  illness  and  injury  from  heat.  Disadvantages: 
Harmful  for  training,  aircraft  readiness,  and  could  not  be  used 
during  combat  situations  (unless  the  enemy  was  very  cooperative) . 
Does  nothing  to  help  prevent  deterioration  of  cockpit  equipment. 

c.  Open  doors  and  canopies  on  aircraft  and  helicopters  during 
hot  weather.  This  is  a  common  practice  at  many  bases,  and  is 
REQUIRED  by  a  T-38  technical  order  whenever  the  temperature  reaches 
90  degrees  F.  Advantages:  Dumps  hottest  air,  reduces  maximum 
temperatures  reached.  Disadvantages:  Cockpit  surfaces  still  get 
hot,  and  personnel  must  be  available  at  all  times  (another  T~38 
tech  order  requirement)  to  close  doors/canopies  when  high  winds  or 
rain  occur  (to  include  weekend  shifts  for  just  that  task) .  Open 
canopies  have  been  blown  off  aircraft,  and  aircraft/helicopters 
with  open  canopies/doors  have  had  their  cockpits  flooded  with  water 
during  sudden  storms.  (Soaking  electronic  equipment  is  usually 
considered  to  be  undesirable.)  Cockpits  can  get  filled  with 
dirt/sand  in  windy  environments,  and  aircrew  members  have  been 
known  to  notice  and  complain  about  dirty  cockpits  during  negative 
"g"  maneuvers.  Some  aircraft  do  not  have  enough  operable 
doors/windows  to  create  an  effective  air  flow  rate  (example:  B-IB) , 
so  this  option  is  not  available  for  them. 
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d.  Run  one  or  more  air  conditioning  units  for  each  aircraft 
that  is  parked  outside.  This  is  effective,  but  costly  and  not  very 
practical  DoD-wide.  Operational  units  would  usually  not  have 
enough  air  conditioning  units  to  use  this  approach,  and  assigning 
maintenance  personnel  to  monitor  the  air  conditioning  unit  would  be 
an  unproductive  use  of  available  manpower.  Mobility  kits  would  not 
include  one  air  conditioning  unit  per  aircraft,  and  it  would  not  be 
reasonable  to  expect  such  equipment  would  be  available  at  a 
deployment  location. 

3.  Start  aircraft  engines,  turn  on  aircraft  air  conditioners, 
and  abandon  the  aircraft  until  the  cockpit  cools  off.  This 
technique  has  been  used  for  some  aircraft,  but  that  does  not  mean 
it  is  either  recommended  or  authorized.  Let  your  imagination  run 
free,  and  consider:  If  someone  removed  the  wheel  chocks,.... 

f.  Take  off  with  systems  that  either  have  not  been  checked  on 
the  ground,  or  are  not  usable.  Climb  to  altitude,  cool  the 
cockpit,  and  see  if  the  equipment  works.  Examples:  (1)  Some 
fighter  aircraft  have  LCDs  (liquid  crystal  displays)  that  are  too 
faint  to  read  on  the  ground  when  hot,  but  become  usable/readable 
about  10  minutes  after  takeoff  when  the  display  cools  off.  (2) 
Some  "preflight*'  checks  of  avionics  equipment  were  performed  at 
10,000  feet  during  Desert  Shield/Desert  Storm.  Reason:  The 
equipment  would  fail  due  to  high  temperatures  If  tuzried  on  while 
the  aircraft  was  on  the  ground. 

g.  Direct  approach:  Attack  the  basic  cause  of  the  problem. 
Sunlight  into  the  cockpit  causes  the  problem,  so  block  the 
sunlight.  This  can  be  done  by  various  means. 

(1)  World-Wide  solution:  Block  sunlight  with  atmospheric 

debris. 


(a)  Massive  volcanic  eruptions  in  recent  years  have 
effected  climates  slightly  and  created  colorful  sunsets,  but  have 
not  blocked  enough  sunlight  to  prevent  hot  cockpits. 

(b)  The  Asteroid  Answer:  Massive  asteroid  impact  to 
create  continuous  night  and  years  of  winter.  Very  effective  (just 
ask  the  dinosaurs),  but  has  bad  side  effects. 

(c)  The  Armageddon  Approach:  Detonate  thousands  of 
nuclear  warheads  and  create  nuclear  winter.  Vexry  effective,  but 
has  disadvantages . 

(2)  Down-size  the  world-wide  solution  to  a  local  approach: 
The  Saddam  Solution.  Torch  oil  fields,  blocking  sunlight  with  the 
resulting  smoke.  Advantages:  Effective  in  blocking  sunlight  in 
local  areas.  Disadvantages:  Extremely  costly,  harmful  to  the 
environment,  and  might  damage  the  "Mr.  Nice  Guy"  reputation  of 
whomever  used  this  approach. 
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(3)  Use  building/aircraft  shelter  to  block  sunlight  one 
aircraft/helicopter  at  a  time.  HIGHLY  RECOMMENDED!  A  building  is 
the  best  "solar  shield"  one  can  have,  and  failure  rates  of  many 
items  are  reduced.  For  example,  F-111  windshields  and  canopy 
transparencies  had  much  longer  service  life  for  aircraft  inside 
shelters  in  the  UK  than  for  aircraft  parked  outside  in  CONUS.  F-16 
canopy  transparencies  lasted  much  longer  Indoors  in  Germany  than 
outdoors  in  the  US.  Disadvantages:  Shelters  are  costly  to  build, 
most  CONUS  bases  do  not  have  buildings  for  their 
aircraft/helicopters,  and  aircraft  shelters  are  difficult  (but  not 
impossible)  to  send  with  deploying  units. 

(4)  Put  exterior  cover  over  aircraft/helicopter.  Covers 
could  cover  just  the  transparencies,  or  could  cover  other  parts  of 
the  vehicle  as  well.  (Some  exterior  cover  efforts  are  underway, 
and  will  be  covered  in  a  different  paper /presentation. ) 

(a)  Advantages:  Effective  in  reducing  cockpit 
temperatures,  can  be  Inexpensive  if  they  are  "do  it  yourself"  items 
(white  sheets  from  the  barracks,  etc) ,  could  be  designed  to  provide 
protection  against  chemical  warfare  exposures,  could  be  designed  to 
provide  camouflage,  and  could  be  designed  to  provide  protection 
against  other  hazards  such  as  hail,  rain,  or  dropped  tools. 
Exterior  cover  concepts  are  worth  pursuing,  but  it  is  not  a  simple 
task. 


(b)  Disadvantages:  Exterior covers  can  cause 

scratches, crazing,  and  other  damage  to  transparencies. 
Inappropriate  covers  (dark  and  thin  covers  for  example)  used  in  hot 
climates  have  caused  windshields  to  become  unserviceable  in  one 
day.  It  is  difficult  (but  not  impossible)  to  design  an  exterior 
cover  that  is  easy  to  use  and  does  not  cause  damage.  Exterior 
covers  can  be  heavy,  expensive  (over  $5,000  each),  difficult  to 
install  and  remove,  and  may  be  impossible  to  safely  Install  or 
remove  in  windy  conditions.  A  truck  is  required  to  move  some 
covers  to  the  aircraft /helicopter.  Some  exterior  cover  designs 
prevent  cockpit  access  when  installed. 

(5)  Use  reflective  solar  shields  that  install  inside  the 
cockpit  against  the  transparencies.  (These  shields  will  be  the 
primary  focus  cf  this  paper/presentation. ) 

(a)  Advantages:  Very  effective,  easy  to  install  and 
remove  in  any  weather,  causes  no  harm  even  when  installed 
Incorrectly,  low  initial  cost  (10%  of  comparable  exterior  covers), 
low  life  cycle  cost,  durable  (2+  year  service  life  expected),  light 
weight,  and  can  be  stowed  on/carrled  on  many  of  the  aircraft  and 
helicopters  during  deployments.  Solar  shields  also  solve  a  variety 
of  other  problems,  to  include  preventing  humidity  extremes 
(condensation  and  baking/drying)  and  helping  prevent  very  cold 
cockpits  during  winter  weather.  Maintenance  and  aircrew  personnel 
have  found  shields  cause  large  improvements  in  the  cockpit 
environment,  and  one  base  installs  their  prototype  solar  shield  in 
whichever  aircraft  is  undergoing  lengthy  maintenance  checks  because 
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it  makes  the  cockpit  more  comfortable.  Shields  are  environmentally 
friendly,  and  can  be  recycled  as  shoe  inserts  for  both  hot  and  cold 
weather.  Savings  to  OoD  from  solar  shield  use  have  been  estimated 
at  $440  million  per  year  due  to  decreased  failure  rates  of  cockpit 
equipment.  This  is  an  80,000%  "return  on  investment"  from  buying 
and  using  a  solar  shield. 

(b)  Disadvantages;  None.  Limitations;  During  actual 
c^  ‘bat  when  one  is  trying  to  hide  from  the  enemy,  do  not  use 
re  elective  shields  which  are  easy  to  see.  If  chemical  warfare 
ex'sosures  are  involved,  some  other  protective  measures  will  be 
needed.  Shields  help  with  many  different  problems,  but  there  is  no 
truth  to  the  rumors  that  shields  prevent  flu,  baldness,  or  tooth 
decay,  and  shields  are  only  a  slight  help  in  solving  world  hunger 
(some  shields  used  in  Somalia). 

3.  The  cockpit  solar  shield  effort  was  created  in  response  to 
v<  rious  reports  of  hot  cockpit  problems.  It  started  with  one  brief 
flash  of  inspiration,  but  all  later  achievements  resulted  from 
perspiration. 

a.  The  overall  solar  shield  effort  began  as  a  flash  of 
inspiration  in  September,  a  month  after  the  invasion  of  Kuwait. 
However,  the  flash  was  NOT  provoked  by  Desert  Shield  news  stories. 
It  was  provoked  by  a  "Tiger  Team"  report  from  one  B-IB  Wing  which 
stated  that  190  degree  cockpit  temperatures  were  causing  many 
problems,  but  no  suitable  solar  shield/cover  had  been  created.  The 
Tiger  Team  report  was  read  on  a  Wednesday  afternoon,  the  flash 
occurred,  access  to  a  B-1  was  arranged,  a  crude  but  usable  do-it- 
yourself  shield  was  designed  and  build,  and  on  the  next  Monday  the 
shield  was  demonstrated  at  a  meeting  of  all  B-1  Wings.  It 
successfully  served  two  roles,  one  planned  and  one  unplanned. 

(1)  The  shield  was  intended  as  a  cheap  ($40)  proof-of- 
concept  that  would  be  a  one-time  effort  by  us.  This  was  the 
planned  role  for  the  shield.  Operational  personnel  could  then  copy 
and  improve  upon  the  concept,  and  it  was  very  favorably  received  by 
B-1  personnel  at  the  meeting.  At  the  end  of  the  demonstration  it 
was  thought  that  the  one-time  effort  had  concluded. 

(2)  At  the  same  time  that  the  B-1  shield  was  boing 
demonstrated  in  Oklahoma,  our  office  at  Wright-Patterson  was 
getting  a  phone  call.  Contents  of  the  call:  "Units  in  Desert 
Shield  are  having  a  lot  of  problems  due  to  hot  cockpits.  Do  you 
think  you  can  come  up  with  any  ideas  to  help  them?"  A  "yes"  answer 
was  provided,  based  largely  upon  the  crude  B-1  shield.  This  was 
the  unplanned  and  unexpected  role  that  the  B-1  shield  played. 

4.  The  solar  shield  program  was  created,  and  we  were  off  and 
running.  On  second  thought,  it  might  be  more  accurate  to  say  we 
were  off  and  walking.  "Running"  didn't  fit;  the  orief  Inspiration 
phase  was  behind  us  and  we  now  had  to  rely  upon  perspiration  and 
hard  work.  The  concept  created  for  the  B-1  was  a  decent  partial 
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solution  for  the  B-1,  but  it  was  not  applicable  even  as  a  partial 
solution  for  most  aircraft  supporting  Desert  Shield. 

'4.  Much  information  was  sought  and  acquired,  many  ideas  and 
concepts  were  thought  of,  and  many  materials  were  acquired  and 
tried.  The  needed  performance  characteristics  and  other 
requirements  for  the  shields  were  determined,  such  as  effective, 
easy  to  use,  and  cause  no  damage  or  other  problems  when  used.  The 
trial  and  error  process  then  began,  seeking  usable  concepts. 

(1)  An  unserviceable  F-16  canopy  (with  frame)  was  acquired 
and  placed  upside  down  on  the  floor  to  allow  easy  access  to  the 
interior.  (Note:  We  recommend  this  "upside  down  on  floor"  approach 
not  be  used  with  serviceable  canopies,  especially  if  they  are 
Installed  on  an  aircraft.) 

(2)  A  roll  of  cheap  translucent  plastic  film  was  acquired 
and  laid  into  the  canopy.  Multiple  "tucks"  were  needed  to  make  the 
film  conform  to  the  compound  curvature  shape  of  the  canopy.  This 
film  use  made  it  apparent  that  compound  curvature  would  pose 
challenges  for  any  design.  It  also  demonstrated  that  supplemental 
support/stiffeners/attachment  techniques  of  some  sort  would  be 
needed  to  hold  the  film  up  against  the  transparency. 

(3)  Possible  sources  for  highly  reflective  materials  were 
investigated.  NASA  provided  a  roll  of  aluminized,  thin  Mylar  film. 
This  film  was  the  leftover  material  from  the  ECHO  satellite.  (We 
did  hot  devise  a  solarishield  concept  that  used  the  thin  film,  but 
we  have  not  thrown  the  material  away.) 

(4)  Many  versions/ variations  on  the  theme  were  tried  to 
devise  some  configuration  that  would  make  practical  solar  shields. 

(a)  A  "backbone"  stiffener  for  the  film  that  would  run 
down  the  center  of  the  canopy  could  be  used  to  create  a  usable 
solar  shield,  but  the  resulting  shield  would  not  be  easy  to  use. 

(b)  The  possibility  of  attaching/gluing/sticking 
something  to  the  canopy  frame  and/or  transparency  was  considered. 

(1)  Permanently  attaching  pieces  of  velcro  (or 
anything  else)  to  the  canopy  frame  would  require  a  great  deal  of 
testing,  justification,  and  formal  approvals,  and  the 
administrative  workload  involved  was  very  intimidating.  Velcro  on 
the  frame  did  not  seem  to  offer  a  solution,  anyway. 

(2)  Permanently  attaching  a  piece  of  velcro  to  the 
top  of  the  canopy  transparency  would  have  helped  keep  a  reflective 
film  In  place,  but  the  known  and  possible  problems  that  such  velcro 
would  cause  were  very  significant.  Reasons  for  immediately 
rejecting  this  velcro-on-canopy  concept  Included  optical 
distraction  to  the  aircrew,  possible  structural  harm  to  the  plastic 
canopy  transparency  from  the  velcro  glue  attachment,  the  need  to 
use  white  or  reflective  glue  and  white  velcro  to  prevent  creating 
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a  "hot  spot"  on  the  plastic,  and  the  possibility  that  the  white  or 
reflective  spot  would  nake  it  easier  for  the  bad  guys  to  spot  the 
aircraft  in  flight. 

(c)  So^e  other  material  was  needed  instead  of  the  thin 
films  to  use  as  solar  shields.  The  other  material  needed  to  have 
enough  structural  stiffness/strength  to  prevent  it  from  flapping  in 
the  wind,  or  falling  out  while  the  person  installing  the  shield 
reached  for  a  supplemental  support. 

(5)  Various  concepts  for  supplemental  supports  were  tried. 

(a)  Strips  of  cardboard  were  cut  out  and  laid  in  to 
the  canopy  to  determine  lengths  and  widths  that  would  be  needed. 

(b)  A  scrap  Venetian  blind  was  obtained  and 
disassembled.  The  long  slats  could  be  made  to  work  as  supplemental 
supports,  but  they  would  not  work  well.  Something  better  was 
needed. 


(c)  A  1/8  Incn  thick  acrylic  sheet  was  obtained  and 
cut  into  2  inch  wide  strips.  These  strips  worked  well  as 
supplemental  supports. 

(d)  To  determine  long  term  effects  on  the  acrylic  from 
being  In  the  bent  (Installed)  position,  two  sirple  tests  were 
conducted.  Acrylic  strips  were  positioned  in  the  F-'IS  canopy  and 
left  there.  Other  strips  were  placed  in  a  bent  position  and  kept 
in  the  office  area  where  they  could  be  examined  daily  for  two 
months.  The  office  test  used  partitions/wall  dividers  to  anchor 
the  ends  of  the  curved  acrylic.  The  strips  thereby  served  a 
secondary  role,  forming  distinctive  and  unattractive  archways 
leading  to  the  desk  of  the  solar  shield  project  officer. 

(e)  The  acrylic  did  not  break  when  bent  to  the  needed 
shape,  or  when  bent  well  beyond  that  point.  However,  it  seemed 
certain  that  someone,  sometime  would  bend  the  acrylic  strips  enough 
to  break  them.  Question:  What  would  happen?  A  simple  test  was 
conducted  to  answer  the  question.  Result:  The  acirylic  broke  into 
multiple  pieces,  and  chunks  of  acrylic  impacted  a  wall  with 
considerable  force.  Such  an  event  would  pose  both  an  injury  risk 
and  a  FOD  hazard. 

(f)  A  sheet  of  1/8  inch  polycarbonate  was  then 
acquired  and  cut  into  strips.  Polycarbonate  looks  like  acrylic, 
supplemental  supports  of  polycarbonate  would  work  as  well  as 
acrylic,  and  polycarbonate  will  not  break.  Concentrated  effort 
(folding  the  strip  back  and  forth)  is  needed  to  intentionally  break 
it,  and  then  the  "breaking"  consists  of  tearing  the  fatigued  and 
thinned  material.  Polycarbonate  costs  a  bit  more  than  acrylic,  but 
the  effect  on  the  total  cost  of  a  solar  shield  is  insignificant. 
The  decision  was  made  to  only  use  polycarbonate,  and  acrylic  was 
not  used  with  any  solar  shield. 
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(6)  A  General's  private  aircraft  was  examined  that  had 
solar  shields  installed.  The  name  of  the  shield  manufacturer  was 
noted.  The  next  day  an  office  member  brought  in  an  Aero  Club 
nagazins  with  an  advertisement  for  cockpit  solar  shields  for  small 
aircraft.  Same  company.  OK,  we  can  take  a  hint.  The  company 
(Kennon  Protective  Coverings)  was  then  called. 

(7)  At  the  start  of  Desert  Shield,  the  company  had 
offered  to  create  and  deliver  (at  no  cost)  some  solar  shields  to 
help  Desert  Shield  units.  However,  after  repeated  efforts  and 
multiple  phone  calls  they  had  been  unable  to  locate  anyone  who  was 
able  to  accept  the  gift... or  understand  solar  shields.  When  we 
called  them,  they  decided  we  were  the  ones  they  had  been  seeking 
and  they  extended  the  "free  shields"  offer  to  us.  We  accepted. 

(8)  The  company  had  the  solar  shield  material,  and 
expertise  and  experience  with  solar  shields  for  private  aircraft. 
However,  they  had  no  experience  with  making  shields  with  compound 
curvatures,  or  how  to  hold  large,  overhead  shields  (example:  canopy 
shields)  in  place.  They  had  what  we  lacked,  and  we  could  provide 
what  they  lacked.  It  looked  like  together,  we  could  do  itt 

(9)  The  initial  attempt  to  create  a  prototype  solar  shield 
used  the  same  approach  that  is  used  for  private  aircraft.  The  Air 
Force  Museum  provided  access  to  several  aircraft,  and  we  traced  the 
shape  and  size  of  the  transparencies  on  large  pieces  of  paper.  The 
paper  tracings  were  sent  to  the  company. -- . . . .  . . . . . 

(10)  The  company  determined  that  this  approach  was  not 
workable  with  the  large,  compound  curvature  transparencies  that 
were  of  interest.  We  then  arranged  for  their  Chief  Designer  to 
gain  access  to  F-15  aircraft  during  his  Christmas  vacation  in 
Alaska. 


(11)  Three  days  were  spent  trying  to  develop  solar  shields 
for  the  one  and  two  seat  version  of  the  F-15.  The  designer  did  not 

I  have  materials  for  supplemental  supports  available,  and  did  not 
!  produce  a  usable  design.  Operational  personnel  at  the  base 
j  reqpiested  an  exterior  cover  (seems  hot  cockpits  aren't  a  big 
i  problem  during  Alaskan  winter) ,  and  the  requested  cover  was 
created. 

j 

(12)  After  some  discussions,  it  was  agreed  that  the  pieces 
of  the  unsuccessful  F-15A  solar  shield  would  be  sent  to  Wright- 
Patterson  AFB,  and  we  would  try  and  create  a  usable  design. 

(13)  The  pieces  arrived  in  late  January,  and  access  to  the 
Air  Force  Museum's  F-15A  was  arranged  for  the  morning  of  1  Feb  91. 
Cockpit  access  was  provided  at  1100,  the  needed  length  of 
supplemental  supports  was  determined,  and  the  task  of  creating  the 
supplemental  supports  was  handed  to  a  student  who  was  assisting  the 
project.  The  solar  shield  project  officer  then  went  into  the  Air 
Force  Museum  to  witness  a  briefing  to  news  media  by  the  F-15E  SPO. 


(14)  There  were  a  few  last  minute  changes  to  the  briefing. 
The  solar  shield  project  officer  found  that  he  would  also  brief  the 
media  (Who,  ME?  Gulpl).  Since  the  media  was  already  there,  they 
would  also  have  the  F-15A  solar  shield  demonstrated  (Gulp!  Sure 
hope  the  supplemental  supports  the  student  is  making  are  being  made 
in  the  correct  length!) 

b.  Fortunately,  the  supplemental  supports  had  been  made  in  the 
correct  lengths  and  the  initial  installation  of  the  prototype 
cockpit  solar  shield  went  smoothly.  This  was  documented  by  TV 
crews  from  3  stations  plus  reporters  from  several  newspapers. 
(Talk  about  pressure!  If  the  shield  hadn't  gone  in  easily  the 
first  time,  would  the  attempt  have  been  on  network  Bloopers  shows?) 

c.  This  initial  F-ISA  solar  shield  design  needed  some 
significant  changes  to  improve  ease  of  installation,  but  the 
concept  had  been  shown  to  be  practical.  We  now  entered  the  next 
phase:  Refine/perfect  the  F-15A  design,  and  then  create  comparable 
solar  shield  designs  for  other  DoD  aircraft. 

d.  Edwards  AFB  CA  was  chosen  as  the  location  for  the  next 
phase  since  they  are  a  testing  organization  that  has  many  different 
types  of  aircraft  and  helicopters.  Kennon  Products  and  the 
Windshield  Program  Office  (WL/FIVR)  would  each  provide  individuals 
to  perform  the  tasks  in  the  next  phase.  The  task  description: 
"We'll  meet  at  Edwards  AFB  and  start  Inventing."  Costs  for  design 
creation  were  rather  low  from  the  DoD  point  of  view.  Kennon 
Products  agreed  to  provide  people,  equipment,  and  solar  shield 
material  at  no  cost.  WL/FIVR  would  bring  strips  of  polycarbonate 
for  making  prototype  "flexible  bow  frame"  supports.  Kennon  would 
be  paid  for  production  solar  shields,  with  no  assurance  that  orders 
for  solar  shields  would  be  forthcoming.  They  would  be  paid  nothing 
for  design  creation. 

e.  Edwards  AFB  was  visited  in  late  Feb  91,  and  the  efforts  to 
create  practical  solar  shield  designs  were  very  successful.  In  the 
28  months  since  then,  designs  have  been  created  for  over  70 
different  DoO  aircraft  and  helicopters.  Limited  numbers  of  most  of 
these  designs  have  i^een  purchased  and  distributed  to  various 
organizations  for  testing  and  operational  evaluations.  Numerous 
foreign  governments,  CONUS  companies,  and  overseas  companies  have 
also  gotten  into  the  act,  but  non-DoD  organizations  have  to 
ptirchase  their  own  shields  directly  from  the  manufacturer.  Solar 
shields  produced  by  the  solar  shield  effort  are  now  being  tasted  or 
used  by  someone  on  every  continent  except  Antarctica.  One  DoD 
operational  unit  used  solar  shields  in  Alaska  during  the  winter  and 
found  them  very  helpful  in  preventing  cold  cockpits,  so  solar 
shields  might  eventually  be  used  on  every  continent. 

(1)  Tests  and  operational  evaluations  to  date  have 
included  fit  checks,  use  of  solar  shields  by  operational  units  for 
a  summer  or  longer,  and  tests  using  Instrumented  aircraft  and 
helicopters  to  measure  temperature  and  humidity.  Various  tests  and 
computer  analyses  have  also  been  conducted  to  determine  the 
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strength,  durability,  safety,  and  effectiveness  of  solar  shields 
and  solar  shield  material.  Most  tests  were  formal  using  standard 
testing  techniques,  but  some  additional  destructive  tests  were  also 
conducted  that  were  rather  informal. 

(2)  Tests  with  instrumented  helicopters  and  aircraft  have 
shown  solar  shields  reduce  cockpit  temperatures  by  60  to  80  degrees 
F,  eliminate  large  daily  temperature  swings,  and  prevent  humidity 
extremes . 


(a)  Shields  not  only  prevent  high  daytime 
temperatures,  but  also  prevent  large  temperature  drops  at  night. 
One  formal  test  program  conducted  by  a  foreign  Air  Force  used  two 
instrumented  aircraft,  one  with  solar  shields  and  one  without 
shields.  The  unprotected  aircraft  had  a  daily  temperature  change 
of  90  degrees,  which  could  help  explain  why  problems  occur  such  as 
jammed  canopies,  canopies  that  cannot  be  closed,  and  canopies  and 
canopy  frames  that  crack.  The  solar  shield  aircraft  had  much  lower 
daytime  maximum  temperatures,  and  slightly  higher  nighttime  minimum 
temperatures.  The  daily  temperature  swing  was  40  degrees. 

(b)  The  above  test  program  also  included  humidity 
measurements,  the  only  formal  test  effort  that  has  tracked  humidity 
to  date.  In  the  test  the  unprotected  aircraft  had  humidity 
extremes  that  indicated  all  moisture  was  being  baked  out  of  the 
cockpit  materials  during  the  day,  creating  a  dew  point  of  well  over 
100  degrees  F.  At  night,  falling  temperatures- would  cause 
significant  amounts  of  moisture  to  condense  on  the  coolest  surfaces 
(windshield  and  canopy  probably) .  The  solar  shield  aircraft  had 
much  higher  minimum  humidity,  and  a  much  lower  maximum  dew  point. 
Little  or  no  condensation  would  have  formed. 

(c)  US  Army  personnel  had  previously  advised  us  that 
nighttime  condensation  in  helicopters  was  a  problem,  creating 
puddles  of  water  on  the  glare  shield  and  instruments.  They 
suggested  solar  shields  might  help  solve  that  problem.  Their 
Inputs  alerted  us  to  the  humidity  issue,  and  caused  us  to  analyze 
the  humidity  data  generated  by  the  foreign  test  program.  The 
analysis  Indicates  the  Army  personnel  were  correct  when  they 
thought  shields  would  also  help  solve  humidity  problems. 

(d)  Maximum  cockpit  temperatures  of  215  degrees  were 
measured  in  one  US  Army  test,  with  the  215  degree  readings  being 
reached  on  five  consecutive  days. 

(e)  One  Marine  Corps  test  showed  that  in  some 
situations  the  solar  shields  can  cause  the  cockpit  Interior 
temperature  to  actually  be  lower  than  the  outside  ambient  air 
temperature . 


(f)  An  Air  Force  operational  unit  installed  shields 
in  a  T-37  which  was  not  on  the  flying  schedule.  Several  days  later 
they  measured  the  cockpit  temperature  as  98  degrees  when  the 
outside  temperature  was  94  degrees. 
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(g)  One  DoD  unit  evaluated  C-141  solar  shields  and 
found  they  were  very  effective  in  preventing  hot  cockpits  during 
suimaer  weather  at  a  southern  CONUS  location.  The  same  unit  also 
used  the  solar  shields  in  Alaska  during  the  winter  and  found 
shields  were  good  window  insulation  and  made  it  easier  to  heat  the 
cockpit  and  retain  heat  longer. 

(h)  Several  informal  destructive  tests  were  also 
conducted,  to  Include  the  following: 

(1)  The  "stand  on  it"  test.  Solar  shield  material 
was  stepped  on.  Result:  No  damage. 

(2)  The  "run  over  it"  tests,  phase  I  and  Phase  II. 
Phase  I  had  a  tug  run  over  the  solar  shield  material  on  a  smooth 
cement  floor.  Result:  Once  the  dirt  from  the  tire  was  wiped  off, 
there  was  no  indication  that  the  test  had  been  conducted.  Phase  II 
had  a  step  van  run  over  it  on  an  asphalt  surface.  The  rough 
asphalt  made  permanent  dimple  marks  in  the  solar  shield  material, 
but  the  shield  material  was  not  punctured,  did  not  deflate,  and 
would  have  still  been  a  serviceable  solar  shield. 

(3)  The  "cigarette  lighter"  test  had  a  piece  of 
solar  shield  material  held  in  the  flame  of  a  cigarette  lighter  for 
about  20  seconds,  outdoors  in  somewhat  windy  conditions.  The 
result:  no  noticeable  effect  on  the  solar  shield  material.  (Note: 
Solar  shields  weren't  designed  with  flame  in  mind,  and  we  don't 
suggest  that  shields  have  to  be  able  to  endure  flame  exposures.  We 
were  surprised  when  it  did  not  burn.  Larger  flame,  less  wind,  and 
longer  exposure  might  get  a  different  result... but  since  passing 
the  test  isn't  needed  in  the  first  place . ) 

(4)  The  "crew  chief  challenge"  test.  Phase  I  and 
Phase  II.  A  piece  of  solar  shield  material  with  unfinished  edges 
was  handed  to  a  crew  chief  and  he  was  challenged  to  tear  it  without 
using  sharp  objects/tools.  It  was  difficult,  but  he  managed  to  do 
it.  Phase  II  repeated  the  challenge  using  solar  shield  material 
with  finished  edges.  The  solar  shield  material  von  this  time  and 
was  unaffected  by  the  crew  chief's  efforts. 

(i)  Fill-in-the-blank  evaluation  forms  include 
sections  for  ease  of  use  when  the  shield  was  installed  the  first 
time,  and  ease  of  use  after  personnel  knew  how  they  were  supposed 
to  be  Installed.  Even  though  we  suggest  "easy  or  difficult"  as  the 
evaluation  criteria,  close  to  half  the  responses  give  "very  easy" 
as  their  evaluation.  (Is  that  a  12  one  a  1  to  10  scale?)  One 
evaluator  might  have  gotten  a  little  carried  away  when  he  said 
shields  wera  so  easy  to  use  he  didn't  need  people;  he  could  teach 
monkeys  to  do  it.  (Animal  trainers:  please  do  not  submit 
unsolicited  proposals  to  pursue  this;  monkeys  would  not  pass  egress 
safety  training  courses  needed  for  cockpit  access.) 

(3)  Various  Air  Force,  Army,  Navy,  Marine  Corps,  and  Coast 
Guard  units  have  evaluated  solar  shields,  and  evaluations  have 
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almost  always  been  very  favorable.  Problems  have  been  uncommon, 
almost  all  problems  have  been  very  minor  (label  locations,  etc), 
and  all  problems  have  been  promptly  solved. 

(4)  One  good  way  to  help  assess  a  product  is  to  look  at  a 
list  of  good  things/achievements/benefits,  compare  it  to  a  list  of 
bad  things/problems/defects,  and  see  which  list  has  the  most 
important  items.  Good  things  are  mentioned  throughout  this  paper, 
but  a  complete  list  is  too  long  to  include.  However,  a  complete 
list  of  all  bad  things/problems  fits  easily.  Here  is  a  list  of  all 
the  problems  experienced  with  solar  shields  at  some  time  during  the 
effort.  (Not  included:  Paperwork  and  administrative  problems  and 
resulting  headaches  internal  to  DoD;  which  forms  to  use,  how  to 
process  them,  etc.)  Those  who  might  be  horrified  by  the  number  and 
seriousness  of  the  problems  should  remember  that  the  problems  have 
been  solved. 


(a)  The  first  fit  tests  with  a  production  solar  shield 
used  four  different  designs,  the  F~16A/C,  F-16B/D,  F-15A/C,  and  F- 
15B/D/E.  Fit  checks  were  performed,  and  shield  effectiveness  was 
evaluated  for  one  day.  Shields  were  very  effective,  but  this  is  a 
'*problems'*  list.  Two  problems  were  noted. 

(1)  One  F-15  flexible  bow  frame  was  1/2  inch  too 
long  to  fit  properly  in  the  selected  aircraft.  It  took  about  10 
minutes  to  trim  it  to  the  optimum  length,  cutting  off  1/8  inch  at 
a  time  until  the  best  length  was  reached.  .  Polycarbonate  is  easily 
trimmed  with  a  hacksaw.  It  was  eventually  learned  that  the  problem 
was  due  to  tolerances  in  the  CANOPY  transparency.  The  original 
flexible  bow  frame  length  fits  perfectly  in  about  90%  of  the 
aircraft,  but  manufacturing  tolerances  allow  some  transparencies  to 
have  less  curvature  and  a  lower  "crown**  height.  This  reduces  the 
side-to-side  circumference  by  up  to  1/2  inch.  The  polycarbonate 
bow  frames  will  have  to  be  trimmed  to  fit  those  particular 
aircraft.  Operational  units  typically  assign  ground  equipment  to 
each  aircraft  and  stencil  the  tail  number  on  the  item,  so  the  need 
for  a  one-time  bow  frame  trimming  for  10%  of  shields  Is  no  big 
deal. 

(2)  The  storage  bag  for  the  P-15B/D/E  shield 
shipset  was  a  bit  too  small.  This  has  been  the  MOST  SERIOUS 
PROBLEM  experienced  to  date,  as  it  is  the  only  problem  that  has 
caused  lingering  harm  to  the  program.  (BAG  SIZE  is  the  biggest 
problem????  Explanation  needed.) 

(a)  During  shield  removal,  the  shield  pieces 
could  not  be  stuffed  back  in  the  bag  when  loosely  rolled.  The 
pieces  had  to  be  carried  down  the  ladder  and  rolled  against  a  hard 
surface  before  they  were  small  enough  diameter  to  fit  in  the  bag. 
This  created  the  possibility  of  dropping  one  of  the  pieces,  and  one 
of  the  pieces  was  dropped.  The  dropped  piece  was  Immediately 
retrieved,  the  shield  pieces  were  tightly  rolled  and  inserted  in 
the  bag,  and  a  design  change  was  made  so  that  ALL  future  bags  for 
ALL  solar  shields  are  oversized.  All  solar  shields  can  now  be 
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loosely  rolled  and  inserted  into  the  storage  bag  before  leaving  the 
cockpit. 


(b)  What's  the  big  deal,  you  ask?  The  solar 
shield  test  was  described  to  other  F-15  Wings  by  someone  who  knew 
of  this  first  test.  The  key  part  of  the  test  that  was  remembered 
by  members  of  other  Wings  is  that  shields  can  get  dropped,  which 
means  they  can  blow  around  the  flight  line  and  become  FOD  hazards. 
Personnel  in  one  Wing  refused  to  see  the  solar  shield  demonstrated, 
stating  they  already  knew  about  it  and  knew  they  didn't  want  it. 
They  also  referred  to  the  shield  as  "flimsy,"  relying  upon  what 
they  remembered  being  told.  (Light  weight,  yes;  but  the  "drive 
over  it"  test  doesn't  suggest  it's  flimsy.)  This  situation  shows 
the  truth  of  the  saying,  "you  only  get  one  chance  to  make  a  good 
first  impression."  (Perhaps  this  is  one  reason  Ford  and  GM  don't 
let  anyone  see  prototypes  until  they've  worked  out  all  the  bugs.) 

(3)  In  a  couple  cases,  some  of  the  shield  pieces 
in  the  first  prototype  didn't  fit  well.  The  design  was  redone  in 
each  case. 


(4)  In  one  case,  the  first  prototype  was  missing 
one  piece.  The  master  shield  pattern  for  that  one  window  had  been 
lost.  The  pattern  was  recreated  and  the  shield  piece  provided. 
(Total  number  of  Individual  shield  patterns  created  for  DoD 
aircraft/helicopters  to  date:  about  850.) 

(5)  Similar  nicknames  for  two  helicopters  resulted 
in  the  shield  shipuets  being  switched:  The  Jolly  Green  Giant  (HH3) 
shield  shipset  was  labeled  as  being  the  CH-*53  shield,  and  the  CH»53 
shield  was  labeled  as  being  for  the  H-3.  A  nickname  for  the  H-53 
is  the  Super  Jolly.  OOPS!  Got  the  "Jollies"  reversed!  These 
glitches  were  caught  by  us,  so  operational  units  didn't  get  the 
wrong  items. 


(6)  The  shield  piece  for  the  small,  fixed 
transparency  behind  the  canopy  of  the  F-ieA/C  was  the  right  size 
and  shape,  and  worked  OK.  However,  the  way  it  was  cut  from  the 
roll  of  solar  shield  material  meant  that  it  rolled  up  from  front  to 
back.  It  was  easier  to  use  if  it  rolled  from  side  to  side.  The 
master  pattern  was  changed. 

(7)  In  about  30%  of  the  shield  shlpsets,  one  or 
two  of  the  pieces  have  a  label  in  the  wrong  place.  Most  common 
error:  "left"  and  "right"  decals  reversed.  This  causes  about  10-20 
seconds  of  confusion  during  initial  installations.  To  date,  only 
one  operational  evaluation  has  bothered  to  mention  this  very  minor 
defect.  (Understandable.  It  takes  longer  to  mention  it  than  to 
correct  it,  and  it  doesn't  hurt  anything  to  just  ignore  it.)  The 
decals  can  be  easily  peeled  off  and  reapplied  on  the  proper  pieces, 
or  simply  ignored.  He  prefer  perfection  (especially  since  it  costs 
the  same) ,  and  have  tasked  ourselves  with  performing  a  fit  check  on 
every  design  to  look  for  such  minor  defects  before  we  consider  our 
job  complete.  However,  we  recognize  these  defects  are  "nits"  we 
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wish  to  pick  and  we  will  not  delay  assigning  NSNs  until  our  fit 
check  has  been  performed.  Once  operational  units  have  evaluated 
the  shields  and  indicated  they  are  ready  for  general  operational 
use,  we  will  press  on  with  requesting  NSNs. 

(8)  That  completes  the  problem  list.  What  has  it 
cost  to  correct  the  problems?  No  dollar  cost  to  DoD  for  additional 
parts,  and  the  administrative  burden  has  been  minuscule.  Usually 
a  phone  call  identifying  the  problem  was  all  that  was  needed. 
Sometimes  a  hand-written  note  and/or  drawing  was  faxed  when  that 
was  a  better  way  to  communicate  the  problem. 

(9)  It  is  hoped  that  no  one  considers  the  above 
problem  list  as  too  intimidating,  especially  since  they  are  former 
rather  than  current  problems.  Since  each  solar  shield  design  is 
created  and  evaluated  as  a  separate  entity,  the  above  problem  list 
is  the  compiled  total  for  70  different  efforts. 

(5)  Transparency  manufacturers,  aircraft  and  helicopter 
manufacturers,  and  foreign  services  have  all  conducted  tests  with 
solar  shields. 

(a)  Several  foreign  governments  have  completed  their 
testing  and  have  ordered  shields  in  large  numbers.  A  couple 
aircraft  manufacturers  have  decided  to  have  solar  shields  as 
standard  equipment  with  new  aircraft  they  deliver. 

(b)  We  have  been  told  that  the  test  reports  are  very 
favorable,  and  the  follow-on  orders  for  large  numbers  of  shields 
certainly  seems  to  indicate  the  evaluations  are  very  favorable 
Indeed.  We  are  attempting  to  get  copies  of  the  various  test 
reports  from  foreign  countries,  but  to  date  have  gotten  only  the 
RAAF  test  report  from  Australia.  Since  we  didn't  provide  any  of 
the  shields  to  foreign  countries  or  companies  (they  had  to  buy  them 
directly  from  the  shield  manufacturer) ,  none  of  them  "owe"  us  a 
report.  The  RAAF  formal  test  report  described  the  shields  as 
"Incredible,"  "invaluable,"  "remarkable,"  and  "fool-proof." 

(5)  Two  different  transparency  manufacturers  conducted 
tests  using  solar  shield  material  to  determine  if  any  coatings  or 
other  transparency  materials  would  be  adversely  effected  by  solar 
shields.  They  determined  solar  shields  could  be  used  with  all 
transparencies,  with  one  exception.  One  use  limitation  was  found 
that  applies  only  to  DoD  F-16s. 

(a)  Most  F-16S  operated  by  the  DoD  have  a  gold  film 
solar  coating  on  the  canopy  inside  surface.  The  gold  film  is 
rather  delicate  and  can  be  marred  by  lengthy  contact  with  solar 
shields  (or  any  other  material).  This  would  be  an  optical  defect, 
and  shields  should  not  be  used  with  these  gold  film  parts. 

(b)  Some  DoD  F-16s  have  clear  (no  gold  film)  canopy 
transparencies,  and  shields  can  be  used  with  those  aircraft.  There 
are  also  some  prototype  canopy  transparencies  that  have  metal  films 
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on  the  outside  surface,  and  aircraft  with  those  parts  could  use 
solar  shields.  However,  these  aircraft  are  a  small  percentage  of 
the  total  DoD  F-16  fleet. 

(c)  Solar  shields  can  be  used  with  all  F-16s  in 
foreign  Air  Forces.  Almost  all  foreign  F-16s  have  clear 
transparencies,  and  can  use  solar  shields.  A  few  foreign  F*-16s 
have  transparencies  that  use  ITO  on  the  inside  surface  instead  of 
gold,  and  solar  shields  can  be  used  with  those  aircraft  as  well. 
One  foreign  country  that  tested  one  F-16  solar  shield  ordered  22 
more.  We  haven't  seen  their  test  results,  but  perhaps  a  purchase 
order  can  be  counted  as  proof  of  a  very  positive  evaluation. 

5.  So,  where  does  the  solar  shield  effort  go  from  here? 

a.  The  selected  approach  has  proven  to  be  very  successful, 
most  of  the  solar  shield  designs  have  been  evaluated  by  someone, 
most  of  the  tested  designs  were  successes  on  the  first  try,  and  all 
designs  with  problems  had  the  problems  fixed  and  the  designs  became 
successes.  So  far,  so  good,  but  we  aren't  done  yeti 

b.  He  will  continue  with  tests  and  operational  evaluations  of 
designs  that  have  not  yet  been  sufficiently  tested,  to  Include 
performing  fit  checks  to  look  for  small  errors/defects  (label 
locations,  etc)  that  units  usually  do  not  bother  to  mention. 

c.  He  will  create  some  additional  designs  for  additional 
aircraft  when  good  "targets  of  opportunity"  present  themselves,  but 
that  is  becoming  an  increasingly  small  portion  of  the  overall 
effort.  He  are  running  out  of  DoD  aircraft  and  helicopters  that 
don't  have  solar  shield  designs  already. 

d.  Our  primary  emphasis  will  shift  toward  those  actions  that 
will  make  it  easier  for  operational  units  to  acquire  solar  shields 
via  the  normal  supply  channels. 

(1)  The  big  payoffs  do  not  come  from  developing  and 
proving  the  worth  of  new  products,  although  that  is  the  "fun"  part 
of  any  Research  and  Development  effort.  The  largest  payoffs  come 
from  transitioning  the  results  so  that  operational  units  can  use 
the  new  products.  Some  organizations  (example:  several  foreign 
countries)  have  already  acquired  large  number  of  shields  and  are 
experiencing  the  benefits  from  shield  use,  but  they  had  to  take 
special  actions  to  get  the  shields.  Standard,  routine  supply 
procedures  were  not  sufficient. 

(2)  Creating  and  processing  unexciting  and  unglamorous 
paperwork  will  make  those  big  payoffs  attainable  for  any 
operational  unit  that  wanted  solar  shields.  These  paperwork 
activities  include  assigning  National  Stock  Numbers  to  designs  that 
have  completed  testing,  and  getting  a  Military  Specification 
published  to  aid  those  that  will  procure  future  solar  shields. 
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(3)  As  the  saying  goes,  the  job  isn't  done  until  the 
paperwork  is  completed.  We'll  get  the  job  done. 


MALCOLM  E.  KELLEY 
Solar  Shield  Program  Manager 
Aircrew  Protection  Branch 
Flight  Dynamics  Directorate 
Wright  Laboratory 
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EXTERIOR  TRANSPARENCY  COVERS  &  HAIL  TESTING 
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M.  E.  Keltey 

Flight  Dynamics  Laboratory 
Wright  Laboratory 


EXTERIOR  TRANSPARENCY  COVERS  &  HAIL  TESTING 


1.  There  are  a  variety  of  hostile  environmental  exposures  that 
parked  aircraft  transparencies  are  exposed  to,  both  natural  and 
man-made.  Natural  exposures  include  solar  heating,  rain, 
condensation,  frost,  snow,  freezing  rain,  acid  rain,  blowing 
sand/dirt,  bird  droppings,  very  hard  water  dripping  from  ceilings, 
and  hail.  Man  made  exposures  include  dropped  objects,  paint 
overspray,  aircraft  wash  rack  chemicals,  grease  and  chemicals  on 
hands  and  cloths  of  maintenance  personnel,  and  possible  combat 
hazard  exposures  such  as  chemical  agents  and  decontamination 
chemicals/ temperatures.  Other  papers  have  discussed  other 
approaches  to  prevent  or  deal  with  problems  caused  by  some  of  these 
exposures,  to  include  cockpit  solar  shields,  quick  fix/ quick  change 
techniques,  and  transparency  coatings. 

2.  This  paper  will  address  two  related  topics: 

a.  Exterior  covers  to  protect  transparencies  from  hostile 
exposures,  to  include  solar  heating,  liquid  precipitation,  and 
severe  hail. 

b.  New  concepts  and  techniques  being  pursued  for  conducting 
hail  Impact  tests  on  unprotected  items  (to  determine  baseline 
vulnerability  and  need  for  protection) ,  protective  covers,  and 
items  (windshields,  etc)  with  protective  covers  installed. 

3.  It  is  fairly  easy  to  make  an  exterior  cover  that  fits  over  an 
aircraft  windshield  or  canopy.  Many  have  done  this,  to  include 
Individuals  as  do-it-yourself  covers,  private  companies,  and  DoD 
organizations  (Wings,  depots,  laboratories,  etc).  The  difficult 
part  is  developing  a  practical  cover  that  does  not  cause 
significant  harm  to  transparencies.  Even  when  an  exterior  cover  is 
a  partial  or  complete  success  when  used  in  some  environments  or 
situations,  it  may  be  completely  unsuitable  for  use  in  other 
environments/situations . 

4.  How  does  one  develop  an  exterior  cover  design? 

a.  One  way  would  be  to  determine  all  the  situations  and 
environments  where  one  would  want  to  use  exterior  covers,  consider 
all  of  the  exposures  and  user  needs  that  are  involved,  and  create 
a  comprehensive  list.  This  list  would  then  evolve  into  the  list  of 
requirements  the  exterior  cover  would  be  asked  to  meet.  Candidate 
cover  designs  would  then  be  created,  prototypes  made,  and 
evaluations  conducted. 

(1)  A  similar  conceptual  approach  with  air  vehicles  would 
produce  a  list  of  missions  that  included  strategic  bomber,  air 
defense  fighter,  close  air  support,  reconnaissance,  transport  cargo 
and  passengers  for  thousands  of  miles,  refuel  other  aircraft,  land 
and  take  off  from  small  clearings,  and  hover  while  one  or  more 
individuals  ascends  or  descends  via  ropes/cables. 
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(2)  If  this  philosophical  approach  produced  exterior  cover 
designs  that  worked  well,  Great! 

b.  If  the  above  approach  did  not  produce  exterior  covers  that 
met  all  requirements,  the  next  step  should  NOT  be  to  give  up. 
Instead,  a  little  re-thinking  of  the  situation  would  be  in  order. 
Consider  the  list  of  missions  of  air  vehicles.  No  air  vehicle 
performs  all  of  those  missions,  yet  there  are  many  aircraft  and 
helicopter  designs  which  are  considered  successful. 

(1)  ;.il  of  the  requirements  for  exterior  covers  may  be 
valid  for  one  or  more  exposures  and  situations,  but  all  of  the 
requirements  would  not  be  applicable  at  the  same  time.  For 
example,  freezing  rain  would  not  be  combined  with  solar  heating  and 
blowing  sand,  and  chemical  warfare  exposures  would  not  be 
encountered  in  peacetime  or  in  CONUS  during  a  conflict. 

(2)  Perhaps  a  better,  more  general  approach  should  be  to 
consider  which  enclosures /conditions  would  occur  in  the  same  climate 
and/or  situation.  Develop  cover  designs  that  would  work  well  and 
meet  all  requirements  which  would  apply  to  that  climate/situation. 

(a)  For  example,  let  us  presume  winter  weather  was 
causing  severe  transparency  problems  for  a  particular 
aircraft/helicopter,  a  cover  design  was  created  that  solved  those 
problems,  and  no  other  approach  provided  the  needed  winter 
protection.  The  decision  might  tie  made  to  purchase  that  cover  for 
use  in  cold  climates,  even  if  it  did  not  solve  problems  experienced 

— in  hot  weather.  If  the  cover  was  not  suitable  for  use  in  hot, 
windy  climates  that  fact  should  be  recognized.  However,  it  should 
not  be  a  reason  for  rejecting  the  cover  for  winter  use. 

(b)  This  philosophical  approach  is  actually  used  for 
many  items.  Tests  have  conclusively  shown  that  personnel  can  be 
injured /harmed  when  they  wear  heavy  parkas  in  Arizona  in  August,  or 
short  sleeve  shirts  in  Alaska  in  January.  Despite  this,  parkas  and 
short  sleeve  uniform  shirts  have  been  purchased  and  used  anyway. 

(c)  The  above  "cold  climate"  cover  would  compete  with 
other  options.  If  another  cover  design  solved  both  cold  weather 
and  hot  weather  problems  (and  all  other  considerations  were  equal) , 
then  the  multi-use  cover  should  be  chosen  instead.  The  best  multi¬ 
use  cover  would  be  one  that  worked  in  every  climate  and 
situation. . .the  approach  given  above  In  paragraph  4a. 

5.  Before  one  sets  out  to  create  exterior  covers,  it  would  be  wise 
to  learn  how  users  would  use  covers,  what  climates  and  conditions 
the  covers  would  be  used  in,  what  materials  and  design  concepts  for 
exterior  covers  could  be  used,  what  covers  have  been  used  in  the 
past,  what  good  and  bad  things  could  result  (or  have  resulted)  from 
cover  use,  and  other  approaches/options  to  solve  problems  that 
could  be  used  instead  of  or  in  addition  to  exterior  covers. 
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a.  Sose  examples  are  provided  in  Attachment  1  of  exterior 
cover  designs  which  Illustrate  problems  and  challenges  that 
exterior  cover  development  ef:!orts  must  consider. 

b.  One  alternative  approach  is  to  use  reflective  cockpit  solar 
shields  that  fit  inside  the  cockpit  and  prevent  hot  cockpit 
problems.  While  there  is  an  obvious  overlap  in  function  between 
interior  solar  shields  and  exterior  covers,  it  is  a  mistadce  to 
think  cne  must  select  one  approach  and  reject  the  other. 

(1)  They  have  different  advantages  and  capabilities,  and 
there  are  some  situations  where  one  or  the  other  would  be  the 
clearly  superior  product.  For  example,  reflective  cockpit  solar 
shields  are  much  lighter  than  semi-rigid  exterior  covers,  and  fit 
in  a  much  smaller  space.  They  can  be  stowed  on  helicopters  and  on 
some  fighter  aircraft  and  are  available  for  use  at  thsir 
destination,  which  is  not  possible  with  semi-rigid  exterior  cover 
designs.  Since  both  products  can  be  valuable  (assuming  a  good 
exterior  cover  is  available) ,  and  since  both  are  fairly 
inexpensive,  some  operational  units  might  decide  to  use  them  both. 

(2)  An  analogy  might  be  to  try  and  decide  which  vehicle 
was  superior-a  pickup  truck  or  a  motorcycle.  Both  vehicles  have 
superior  ccpabilitles  for  some  missions/taskings.  There  is  no 
requirement  that  individuals  who  like  pickup  trucks  must  also 
dislike  motorcycles. 

—  6. -  Climates  and  situations  that  might  call  for  use~  of  extefibr 
covers  would  include  tho  following: 

a.  Hot  and  dry  weather,  hot  and  wet/humid  weather,  hot  summer 
weather,  cold  winter  weather,  nighttime  condensation,  large 
temperature  cycles  (daytime  high  to  nighttime  low),  severe  hail, 
snow,  frost,  freezing  rain,  rain,  air  pollution,  blowing  sand, 
wind,  inside  buildings  for  maintenance  at  Wing  or  Depot  level, 
inside  humid  shelters  that  drip  water  from  ceilings,  daily  install 
&  remove  use  for  aircraft  on  flying  schedule,  long  term 
installations  on  stored  aircraft  or  "hanger  queens,"  aircraft  wash 
rack,  painting  of  aircraft,  missions  requiring  rapid  preflight  and 
launch  of  non-alert  aircraft,  aircraft  on  alert,  flightline 
maintenance  requiring  several  hours  in  cockpit  in  either  very  cold 
or  very  hot  weather,  aircrew  in  fighter  cockpit  in  hot  weather 
(aircraft  not  running)  waiting  for  up  to  an  hour  for  word  to 
launch,  normal  peacetime  operations,  wartime  situations  where 
camouflage  of  aircraft/helicopter  was  desired,  and  wartime  with 
possible  chemical  warfare  exposures. 

b.  There  are  many  other  wartime  exposures  that  could  also  be 
encountered,  but  we  will  NOT  make  any  special  attempts  to  provide 
protection  against  those  threats.  Threats  we  will  not  try  to 
counter  (but  might  accidentally  provide  some  protection  against) 
Include  ballistic  projectiles  (bullets  and  shrapnel) ,  nuclear 
weapon  effects,  and  lasers. 


c.  other  requirements  for  the  covers  would  include  ease  of 
use,  as  foolproof  as  possible  (example:  if  installed  upside  down, 
have  distinctive  colors  or  other  markings  visible  which  make  it 
obvious  from  far  away  that  the  cover  was  incorrectly  installed) , 
appropriate  information  and/or  markings  that  identify 
climates/situations  where  the  covers  should  and  should  not  be  used 
(could  be  on  the  cover,  or  in  a  technical  order) ,  all  the  factors 
that  would  make  the  cover  affordable  (reasonable  initial  cost,  low 
life  cycle  cost,  durable,  repairable,  and  maintainable) ,  factors 
that  make  the  cover  obtainable/available  (able  to  purchase/acquire 
using  normal  supply  channels.  National  Stock  Numbers  assigned, 
etc) ,  cause  no  damage  or  injury  during  installation,  removal,  or 
while  installed,  cause  no  damage  or  Injury  when  improperly  used  (if 
improper  use  is  possible),  and  provide  adequate  protection  against 
all  applicable  environmental  exposures. 

7.  The  examples  in  Attachment  1  Include  some  designs  that  work 
well  (or  would  probably  work  well)  in  some  climates/situations,  but 
were  used  in  climates  where  they  caused  more  problems  than  they 
solved.  Some  of  the  "lessons  learned"  include  avoid  having  thin 
heat-absorbing  covers  in  contact  with  transparency  outer  surfaces 
during  hot  weather;  avoid  the  combination  of  three  exposures: 
sand/dirt  on  transparency,  cover  touching  surface,  and  cover  moving 
due  to  wind;  and  do  not  use  highly  reflective  covers  if  there  is  a 
wartime  situation  and  you  are  trying  to  hJ.de  from  the  bad  guys. 

a.  It  would  not  be  correct  to  conclude  that  exterior  covers 
should  not  be  pursued  because  they  cause  problems.  Instead,  one 
should  realize  that  there  are  many  requirements  that  must  be 
satisfied  by  an  exterior  cover  in  each  particular 
environment/situation. 

b.  While  it  would  be  nice  if  a  single  cover  satisfied  all 
requirements  for  all  environments,  a  cover  should  be  considered  a 
viable  candidate  for  procurement  and  use  if  it  satisfied  all 
requirements  in  one  (or  more)  specific  environment (s)  or 
situation (s) . 

(1)  Users  would  have  to  understand  that  the  covers  should 
be  used  in  some  environments/ situations,  and  should  NOT  be  used  in 
others . 


(2)  A  mistake  to  he  avoided  is  settling  for  a  compromise 
cover  that  met  some  of  the  essential  requirements  in  every 
environment/situation,  but  failed  to  meet  all  essential 
requirements  in  any  particular  environment/ situation.  Going  back 
to  the  summer/winter  clothing  example  used  earlier:  Short. sleeve 
parkas  and  fur  lined  short  sleeve  shirts  would  be  compromises  that 
would  partially  work  in  both  environmental  extremes,  but  would  be 
unsatisfactory  in  almost  every  desired  application. 

8.  OK,  that's  enough  of  "doom  and  gloom"  on  what  can  and  has  gone 
wrong,  and  why  good  exterior  cover  designs  are  difficult 
(impossibly  difficult?)  to  develop.  How  about  something 
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encouraging,  some  ideas  on  what  could  be  pursued  that  might  be 
feasible.  What  could  be  done  to  create  a  successful  design? 

9.  Good  news!  There  is  ALREADY  an  exterior  cover  design  for  the 
F~15  windshield  that  is  a  big  success,  a  design  that  meets  all 
requirements  in  all  environments  and  situations.  Utopia!! 1  Folks 
at  McClellan  AFB  (SM-ALC/TIEC)  made  the  covers. 

a.  The  first  prototype  F-15  windshield  covers  got  rave  early 
reviews  from  users,  but  some  easily  solved  glitches  eventually 
became  apparent.  The  current  (revised)  covers  have  been  undergoing 
operational  evaluations  (still  in  progress)  and  have  received  very 
high  marks  from  users.  The  semi-rigid  covers  weigh  about  25  pounds 
and  are  durable,  effective,  and  easy  to  install  and  remove  even  in 
windy  conditions.  They  protect  the  windshield  against  almost 
anything  that  would  drop  on,  form  on,  or  radiate  on  the 
transparency.  This  includes  exposures  such  as  summer  sun,  winter 
frost,  snow,  freezing  rain,  blowing  sand,  hall,  rain,  acid  rain, 
air  pollution,  bird  droppings,  dropped  objects /maintenance  errors, 
wash  rack  chemicals,  and  chemical  warfare  exposures. 

b.  There  appears  to  be  no  reason  that  similar  semi-rigid 
windshield  covers  would  not  also  be  successful  with  most  or  all 
other  fighter,  attack,  and  trainer  aircraft.  If  there  is  an 
operable  canopy  behind  the  windshield,  the  above  conceptual 
approach  for  exterior  windshield  covers  should  work  well. 

“  c.  Reason  for  needing  ah  operable  canopy:  The  individual 
installing  (or  removing)  the  cover  stands  inside  the  cockpit,  which 
gives  him  a  safe  and  stable  place  to  stand.  He/she  can  brace 
himself  against  wind  gusts,  and  safely  install /remove  the  cover. 
There  also  needs  to  be  somewhere  to  hook/secure  the  cover  in  place. 
The  rear  arch  of  the  F-IS  windshield  works  great  for  that  function, 
and  we  anticipate  the  rear  arch  of  other  aircraft  windshields  would 
also  perform  this  function.  If  there  is  no  operable  canopy,  then 
it's  back  to  the  drawing  boards  to  find  a  way  to  anchor  it/positlon 
it  in  the  needed  location. 

d.  The  cover  is  made  in  a  mold.  Start-up  costs  Include 
creating  the  mold,  which  would  be  in  the  lOK  to  20K  range.  It  also 
takes  some  time  to  create  the  mold.  Neither  cost  nor  time  are 
excessive,  but  they  are  more  than  zero.  Candidate  users  that 
decide  they  need  an  exterior  cover  for  a  particular  aircraft  should 
not  expect  covers  to  be  designed,  created,  and  delivered 
immediately.  Fast  response  is  always  possible  to  fill  urgent 
needs,  but  candidate  users  who  allow  time  for  the  cover  to  be 
created  are  more  likely  to  have  the  covers  available  when  needed. 

e.  Does  the  above  success  mean  that  nothing  else  needs  doing? 
Not  by  a  long  shot. 

(1)  Canopies  still  need  to  be  considered.  Some  prototype 
F-15  canopy  covers  are  being  made  using  the  above  approach,  and 
those  will  probably  be  good  covers  to  protect  transparencies  from 
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mishaps /damage  during  indoor  maintenance  at  Wings  or  Depots.  The 
covers  will  be  much  larger  than  the  windshield  covers,  and 
personnel  must  stand  on  ladders  on  the  outside  of  the  aircraft  to 
install/remove  the  covers.  It  could  be  hazardous  to  people  and 
transparencies  to  try  and  install/remove  these  canopy  covers  on  the 
flight  line  in  windy  conditions. 

(2)  Some  aircraft  such  as  the  B-l  do  not  have  canopies  or 
other  operable  cockpit  windows,  and  windshield  covers  could  not  be 
Installed  by  someone  in  the  cockpit.  A  semi-rigid  cover  would  have 
to  be  placed  over  the  windshield  from  a  maintenance  stand.  A  very 
good  attaching/securing/positioning  system  would  have  to  be 
devised,  probably  relying  heavily  on  long  straps  run  to  various 
attachment  points  on  the  bottom  side  of  the  aircraft  (nose  landing 
gear  and  access  ladder) .  There  would  have  to  be  some  good  design 
work  done,  to  Include  devising  ways  for  one  person  to  safely  remove 
the  cover  in  windy  conditions. 

(3)  Some  aircraft  such  as  the  C-130  have  operable  side 
windows  in  the  cockpit.  Perhaps  an  approach  could  be  devised  where 
an  exterior  semi-rigid  cover  would  be  pulled  or  placed  Into 
position  using  either  straps/ropes  from  the  two  side  windows,  or 
maintenance  stands  on  the  outside  of  the  aircraft.  The  frame  of 
the  operable  window  looks  like  a  convenient  and  tempting  place  to 
help  tie  dotm/secure  the  cover  in  position,  until  one  thinks  of  the 
possible  results  from  putting  large  loads  on  the  window  frame.  The 
window  frame  was  not  designed  for  those  loads.  It  would  be  wise  to 
rely  upon  more  sturdy  attach  points  to  tie  down  the  exterior  cover. 

(4)  Ttiere  are  some  situations  where  the  aircraft  or 
helicopter  will  take  off  from  one  location  and  land  In  another.  It 
would  be  highly  desirable  to  have  protective  covers  that  were  light 
enough  and  small  enough  to  be  stowed  somewhere  in  the  aircraft  so 
they  would  be  available  for  use  at  the  new  location.  However, 
covers  that  could  not  be  stowed  on  the  aircraft/helicopter  would 
still  be  viable  designs,  just  not  utopian  designs. 

10.  The  semi-rigid  exterior  cover  concept  works  very  well  indeed 
for  windshields  on  aircraft  with  operable  canopies.  Are  there 
other  exterior  cover  concepts  that  could  provide  protection  against 
hostile  exposures  in  applicable  environments?  Yes,  definitely. 
Some  concepts  have  already  been  tested,  while  other  concepts  are 
still  on  the  drawing  board.  Others  could  undoubtedly  come  up  with 
other  ideas  that  might  work  well. 

a.  At  the  start  of  Desert  Shield  there  was  concern  that  our 
forces  might  be  subjected'  to  attack  with  chemical  weapons. 
Problems  due  to  heat  and  blowing  sand  were  on  the  news  on  a  daily 
basis.  Several  operational  units  created  and  used  do-it-yourself 
exterior  covers,  but  found  that  they  caused  transparency  damage. 
HL/FIVR  initiated  several  efforts  to  address  these  concerns.  One 
of  these  efforts  produced  an  exterior  cover  for  the  F-16. 
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b.  A  prototype  exterior  cover  for  the  F-16  was  created  to 
provide  protection  against  possible  Desert  Shield  exposures,  to 
include  wind,  blowing  sand,  solar  heating,  and  chemical  warfare 
exposures . 

(1)  The  cover  weighs  about  25  pounds,  does  not  touch  the 
transparency,  and  would  not  prevent  cockpit  access  while  installed. 
The  design  features  a  framework  that  folds  into  a  '*U'*-shaped  arch. 
It  is  placed  on  the  canopy  by  two  people  while  in  the  folded/stowed 
position.  It  is  then  extended/unfolded  forward  and  back  to  cover 
the  entire  canopy.  Installation  time  is  about  3  minutes. 

(2)  The  cover  could  be  safely  removed  in  windy  conditions 
by  removing  the  outer  cloth  from  the  frame  (attached  with  velcro  to 
the  frame) ,  then  removing  the  frame.  It  could  be  removed  and 
thrown  aside  in  seconds  during  an  alert**type  response  situation 
(with  some  chance  of  damaging  the  cover) . 

(3)  The  cover  design  was  developed  when  there  was  great 
concern  that  Desert  Shield  units  could  be  attacked  with  chemical 
weapons,  delivered  via  either  aircraft  or  SCUD  missile  warheads. 
Heat  and  blowing  sand  wore  other  important  design  drivers. 

(a)  In  a  chemical  warfare  scenario,  the  covers  could 
literally  have  been  life-savers.  Protecting  the  transparency  from 
"sand-blasting"  of  wind-blown  sand  was  another  large  payoff. 

^ — (b)  -  For  normal,  day-to-day  use  in  peacetime  we  feel 
the  cover  may  be  more  trouble  than  it's  worth.  Two  of  the  largest 
advantages  are  chemical  warfare  &  blowing  sand  protection.  One  is 
not  applicable  during  peacetime,  and  the  other  is  applicable  in 
only  a  small  percentage  of  operating  locations.  Subtract  those 
from  the  "advantages"  list  and  a  compilation  of  advantages  vs 
disadvantages  would  lead  most  to  conclude  that  the  covers  were  not 
a  good  choice  for  peacetime  use.... at  least  for  use  on  the 
flightline.  (They  might  work  well  as  indoor  maintenance  covers.) 

(c)  When  chem  war  and  blowing  sand  are  not 
considerations  other  options  become  more  appealing  for  flightline 
use. 


(1)  Leaving  canopies  slightly  open  to  reduce 
cockpit  heating  is  feasible  if  blowing  sand  is  not  a  problem. 

(2)  Internal  cockpit  solar  shields  (discussed  in 
another  paper)  work  well  in  preventing  hot  cockpits,  and  can  be 
used  with  transparencies  that  do  not  have  gold  solar  films  on  the 
Inside  surface.  The  F-16  is  the  only  aircraft  with  a  gold  film  in 
a  location  that  could  be  marred  by  solar  shields.  Most  DoD  F-16 
units  have  gold  film  transparencies  now  and  should  not  use  the 
solar  shields  (sorryl).  None  of  the  foreign  services  with  the  F-16 
have  gold  solar  film  transparencies.  Several  countries  in  the 
Desert  Shield  area  have  tested  and  adopted  these  reflective  shields 
for  the  F-16  and  several  other  types  of  aircraft  and  helicopter. 
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11.  How  about  some  oth«*r  concepts/approaches  that  could  either 
solve  one  or  nore  rioblems  by  itself,  or  be  a  specialized 
feature/layer  in  a  »uiti-ply  (or  nulti-function)  cover  concept? 

12.  We  need  to  develop  a  light-weight  cover  to  effectively  deal 
with  conditions  that  include  wind,  large  hail,  and  solar  heating 
for  peacetine,  plus  possible  chemical  warfare  exposures  and  the 
need  for  camouflage  in  combat  situations.  He  also  need  some 
effective,  realistic,  yet  inexpensive  testing  techniques  that  will 
represent  severe  hail  storms. 

13.  Let's  expand  our  mental  horizons  and  look  at  other  Industries 
for  technologies,  products,  concepts,  and  materials.  Let  us  seek 
items  and  ideas  that  could  be  adapted  for  and  adopted  into  an 
exterior  cover  effort,  or  that  provoke  ideas  that  could  be  used. 
We  will  also  have  to  have  some  way  of  testing  the  resulting  covers 
versus  severe  hail  storms  to  determine  if  adequate  protection  is 
provided,  so  testing  equipment/procedures/ ideas  must  also  be 
sought . 

14.  Life  is  too  short  for  any  individual  or  organization  to  learn 
everything  he/ she/ it  needs  to  know  via  personal  experiences, 
mistakes,  and  discoveries.  It  is  much  better  to  make  use  of  the 
discoveries  and  mistakes  made  by  others,  and  build  from  there. 
Some  of  the  areas  that  have  contributed  ideas,  products,  concepts, 
information,  and/or  prompted  ideas  include  the  following: 

a.  Protective  armor  vs  ballistic  impact;  more  specifically, 
the  principle  of  spreading  impact  energy  over  as  wide  an  area  as 
possible  to  dissipate  and  absorb  the  energy  and  defeat  the  threat. 

b.  Bullet-proof  glass  windows  for  cars  that  met  all  defined 
requirements,  yet  allowed  the  assassins  to  shoot  the  vehicle's 
occupants . 

(1)  The  requirement  was  to  stop  a  bullet.  The  glass 
window  did  that,  and  (as  expected)  was  damaged.  More  bullets  from 
rapid-fire  weapon,  more  daisage,  and  the  window  collapsed. 

(2)  Perhaps  the  assassin  should  be  reprimanded  far  using 
a  machine  gun  type  weapon  rather  than  a  single  bullet  as  per  the 
assumptions  in  requirements.  Standard  test  methods  use  one  bullet, 
and  testing  requirements  rely  upon  standard  test  methods.  An 
alternative  philosophical  approach  would  be  to  rethink  the 
requirements,  even  if  this  results  in  develop!/  and  using 
something  other  than  standard  test  methods. 

(3)  We  suspect  that  severe  hall  storms  will  not  obey 
instructions  to  only  deliver  one  hail  stone  (as  per  standard, 
approved  test  methods) ,  so  we  plan  to  adjust  requirements  to  match 
hail  storm  conditions  and  devise  appropriate  testing  procedures. 
The  cover  will  be  designed  for  (and  tested  against)  multiple  rapid- 
fire  impacts. . .Mother  Nature's  version  of  the  machine  gun. 
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c.  Do-it-yourself  window  solar  heat  collectors;  ideas  on  how 
to  intercept  solar  heat  in  an  outer  air  space  and  continually  dvusp 
the  heated  air  so  there  is  no  temperature  build-up.  Cold  air 
enters  at  the  bottom,  is  heated  by  solar  radiation,  the  warmed  air 
rises,  and  exits  out  the  top  of  the  collector  as  slightly  warmer 
air. 


d.  Dirt  repelling  concepts  for  the  inner  surface  of  the 
material  that  will  touch  the  transparency.  These  concepts  include 
no-stick  Teflon  fry  pans,  smooth  and  soft  fabric  surfaces  (silk, 
etc) ,  stain  and  dirt  resistant  treatments  for  fabrics,  and  dust 
repelling  properties  on  furniture  from  using  new  furniture 
polishes.  The  ultimate  product:  dirt  repellent  "Ever-Clean" 
clothing  (in  a  sci  fi  story)  that  never  needs  washing;  just  shake 
and  it's  clean.  (If  someone  creates  an  "Ever-Clean"  product, 
please  give  me  a  call.) 

e.  Waterproofing  concepts  for  shedding  rain,  and  small  design 
detail  (weep  hole)  in  some  storm  windows.  Avoid  materials  that 
will  absorb  water  or  deteriorate  when  exposed  to  conditions  such  as 
water.  Recognize  that  water  will  get  inside  the  cover  eventually 
(as  rain  or  condensation) ,  and  provide  means  for  water  to  drain  out 
if  the  air  inlet  holes  do  not  prevent  water  accumulation. 

f.  Repairabllity,  maintainability,  redundancy,  and  fail-safe 
concepts.  The  cover  will  become  damaged  eventually.  The  damaged 
cover  should  be  repairable,  and  it  should  continue  to  provide 
protection  until  it  is  repaired.  ”  “ 

(1)  If  the  cover  had  two  separate  inflatable  layers,  and 
each  layer  had  replaceable  subdivisions/strips,  then  damage  to  one 
part  of  one  layer  would  degrade  but  not  eliminate  the  cover's 
ability  to  protect  the  transparency. 

(2)  The  damaged  subsection  could  be  repaired  or  replaced 
rather  than  replace  the  whole  cover. 

g.  Judo;  more  specifically,  the  concept  of  using  your 
opponent's  strength,  momentum,  etc  to  your  own  advantage.  Perhaps 
a  cover  design  could  use  Judo  concepts  against  wind  also. 

h.  One  way  valves,  especially  flapper  valves  in  furnace 
exhaust  pipes. 

i.  Air  filled  mattresses  for  floating  in  swimming  pools,  to 
include  design  details  such  as  long  parallel  tubes  and  a  simple 
valve  with  a  removable  snap-in  plug  to  close  it. 

j.  Air  bags  in  cars  for  crash  protection. 

k.  Self-inflating  sleeping  mattresses  for  hikers  and  climbers 
to  carry  in  their  back  packs. 

l.  Trampolines. 
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w.  Safety  nets  for  high  wire  circus  performers. 

n.  Driving  nets  for  golf  balls. 

o.  Static  cling  films  used  on  food  leftovers  in  refrigerators. 

p.  All  information  on  hail  storms  we  could  find,  to  include 

size  and  weight  of  actual  hall  stones,  and  tests  with  artificial 
hail  stones  to  determine  impact  velocities  that  would  be  involved 
in  severe  hail  stones.  Worst  case  situations:  golf  ball  to 

baseball  size  hail,  impact  velocities  approaching  ICO  MPH.  If  a 
cover  (that  meets  all  other  requirements)  would  protect  versus 
multiple  strikes  of  100  MPH  baseballs,  we'll  have  really  gotten 
something! 

q.  Form-fitting  clothing,  to  include  "W* Underwear"  (underwear 
for  horses) ,  people  underwear  (with  elastic) ,  and  shorts  worn  by 
bicycle  enthusiasts. 

r.  Baseball;  more  specifically,  baseball  pitchers,  pitching 
machines,  and  hitting  balls  with  baseball  bats. 

8.  Golf;  especially  hitting  golf  balls  with  drivers  through  5 
irons . 

t.  Ice  cube  trays,  to  Include  custom  designed  trays  to  produce 
optimum  hail  stone  sizes  and  shapes. 

u.  The  KISS  principle  (keep  it  simple,  Sammy)  as  far  as  the 
user/ Installer  is  concerned.  It's  OK  to  add  additional  features  if 
they  Increase  reliability  and  ease  of  use.  It's  not  OK  if  the  user 
needs  any  special  knowledge  or  training  to  use  the  cover.  One  does 
not  have  to  be  a  mechanic  or  automotive  engineer  to  use  a  car,  and 
one  should  not  have  to  know  details  about  the  cover  design  or  why 
it  is  effective  to  be  able  to  use  it. 

v.  Ice  machines  in  hotels,  and  10  pound  bags  of  ice  cubes  sold 
in  stores. 

w.  Tennis  balls,  filled  with  water  and  frozen. 

X.  Jello  and  gelatin;  no  particular  flavors.  More 
specifically;  tennis  balls  filled  with  gelatin. 

y.  Jai  Alai;  especially  the  large  curved  basket  strapped  to 
the  hand  and  used  to  catch  and  throw  balls. 

z.  Lacrosse  sticks  (we  tried  them,  but  they  didn't  work  well 
for  our  effort) . 

aa.  Sling  shots.  Huge  designs  were  drafted  that  included 
long,  vide  elastic  straps/webbing  and  a  large  framework  that  the 
sling  shot  user  would  sit/lie  upon.  (Half  a  year  later,  saw  TV  ads 
for  a  comparable  product  (minus  the  framework)  intended  for  use  at 
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the  beach.  The  super  sized  sling  shot  launches  water  balloons  200 
yards.  Why  didn't  I  think  of  THAT  use  for  the  concept,  which 
proDises  to  make  aoney  for  the  inventor?  Oh  well,  a  day  late...) 

bb.  Radar  guns  used  to  measure  speed  of  pitches  in  baseball 
games.  Suitable  model  found  for  a  little  over  $1000.00.  will 
measure  velocity  of  golf  ball  size  objects. 

cc.  Very  large  fans  and  wind  machines  used  in  movies  (to 
create  high  winds  usually  present  in  severe  thunderstorms  and  hail 
storms) . 

dd.  Small  vacuum  pumps,  or  evacuated  containers  that  could  be 
used  as  a  vacuum  source  in  the  absence  of  active  vacuum  pumps. 

ee.  Sitting  under  an  apple  tree  and  getting  hit  on  the  head 
with  an  apple. 

ff.  Mathematical  formulas  for  calculating  impact  velocity  "x" 
for  an  object  dropped  from  "y"  height. 

gg.  Tallest  building  on  Hright-Patterson  AFB,  which  also  has 
balconies  and  railings  on  the  top  floors.  (Perhaps  our  reputation 
will  get  even  better  if  word  spreads  that  we  are  "able  to  reach 
(the  top  of)  tall  buildings  in  a  single  climb.") 

hh.  Commercial  advertising  campaigns.  Once  we  have  a 
successful  design,  we  will  have  to  let  others  know  about  it.  TV, 
radio,  newspapers,  magazines,  etc  have  many  advertisements  to  make 
customers  remember  products  and  want  to  get  them.  Perhaps  we 
should  follow  those  examples  and  use  some  catchy  slogans  and 
advertising  gimmicks  for  the  covers.  Let's  see... if  the  design 
includes  some  air  Inflation  features  for  Impact  resistance,  perhaps 
phrases/ideas  could  be  used  such  as  "Not  just  another  bag  of  wind," 
"Cover  up  your  windows  witli  our  old  wind  bag,  and  smile,  smile, 
smile...,"  a  cartoon  drawing  of  a  happy  airplane  wearing  a  cover 
and  singing  "Hail,  Hail,  you  can't  get  me.  What  the  heck  do  I 
care,...",  the  cartoon  aircraft  bounding  off  the  ground  while 
singing  "I  love  what  you  do  for  me.  Hail  cover I",  and  "Brought  to 
you  by  the  blow-hards  at  Wrlght-Patt. "  Another  idea:  To  emphasize 
"ease  of  use,"  show  a  dog  tugging  on  one  of  the  cover  straps  with 
the  caption  "Very  easy  to  install  and  remove;  even  Fido  can  do  itl" 
Hmmm... needs  work.  Perhaps  we'll  forget  the  slogans  and  theme 
songs  for  now  and  concentrate  on  the  technical  part  of  the  effort. 

15.  Let  us  focus  primarily  upon  the  wind  part  of  the  environment 
for  the  moment.  Let  us  also  remember  that  sand  on  the  transparency 
plus  movement  of  the  cover  in  contact  with  the  transparency 
produces  scratches.  We  will  also  keep  in  mind  that  solar  heating 
and  hall  are  other  concerns.  Some  ideas  for  addressing  the 
problems  include  the  following: 

a.  One  conceptual  approach  is  to  not  touch  the  transparency 
with  the  cover;  no  contact  means  no  scratches.  This  is  the 
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approach  taken  with  both  the  semi-rigid  F-15  windshield  cover  and 
the  folding  F-16  canopy  cover.  This  is  also  the  approach  used  with 
one  of  the  most  effective  cover  concepts  yet  devised... a  building. 
Buildings  have  a  few  disadvantages  (cost;  hard  to  take  along  during 
deployments),  so  there  is  still  a  need  for  external  covers. 

b.  Another  conceptual  approach  in.  to  allow  contact,  recognize 
that  there  will  be  some  movement,  and  somehow  guarantee  there  will 
never  be  any  dirt  present  between  the  cover  and  the  transparency. 
A  soft,  high-tech,  and  expensive  exterior  cover  used  on  numerous 
RAAF  aircraft  in  Desert  Shield  tried  to  use  this  approach,  and  we 
have  heard  that  about  100  canopies  became  unserviceable. 

c.  Another  conceptual  approach  would  be  to  develop  a 
reasonable  cover,  and  then  state  it  can  only  be  used  with 
transparency  surfaces  that  are  almost  immune  to  scratches.  If  the 
cover  was  usable  with  glass  transparencies,  the  cover  concept  would 
be  a  worthwhile  (but  disappointing)  result  from  a  developmental 
effort.  However,  if  transparencies  with  special  coatings  would 
have  to  be  retrofit  to  the  fleet  before  the  cover  could  be  used, 
the  cover  design  would  have  to  be  considered  a  failure.  If  some 
aircraft  adopted  such  coatings  for  other  reasons,  the  cover  might 
eventually  change  from  a  failure  to  a  limited  success. 

d.  Another  conceptual  approach  is  to  allow  contact,  but 
eliminate  all  movement.  If  successful,  this  conceptual  approach 
could  be  widely  applicable  and  could  have  very  large  payoffs.  What 
design  concepts  might  work? 

(1)  Static  cling  would  be  one  property  that  might  be 
utilized,  at  least  as  a  partial  solution  for  some  applications  and 
situations.  Several  variations  on  the  theme  are  described  in  Atch 
2,  to  include  using  a  static  cling  film/layer  by  itself  (a  do-it- 
yourself  approach  for  operational  units)  and  using  the  static  cling 
film/layer  in  conjunction  with  another  exterior  cover.  Some  areas 
where  some  testing  should  be  done  are  also  discussed. 

(2)  A  somewhat  messy  but  simple  do-it-yourself  approach 
would  be  to  only  focus  on  the  wind  blown  sand  problem  and  settle 
for  protecting  the  outer  surface  from  that  exposure. 

(a)  Rather  than  use  a  transparent  static  cling  film, 
get  the  same  protective  effect  with  a  transparent  gel-like  coating 
that  was  safe  to  use.  (A  highly  reflective  gel  coating  might  also 
work.)  The  coating  should  be  easily  removed  with  water,  must  not 
attack  or  otherwise  harm  the  transparency,  and  must  not  make  it 
easier  for  other  environmental  exposures  to  damage  the 
transparency. 

(b)  Perhaps  covering  the  gel  with  a  thin  film  (the 
static  cling  film  concept  again)  would  protect  the  gel  from  rain, 
prevent  it  from  becoming  impregnated  with  dirt/dust,  and/or  keep 
the  gel  from  absorbing  harmful  chemicals.  A  dirty  film  in  summer 


would  become  a  hot  film,  and  transparency  damage  would  probably 
occur. 


(c)  This  would  be  cheap  (assuming  the  gel  was  cheap) 
and  simple,  but  would  be  messy  and  labor  intensive. 

(1)  If  the  situation  were  bad  enough  (frequent 
sandstorms)  units  might  wish  to  use  this  approach  if  no  other 
feasible  approach  were  available. 

(2)  Some  of  the  aircraft/helicopter  design  details 
that  would  have  to  be  considered  include  what  items,  equipment,  and 
areas  the  gel  could  get  into  when  washed  off.  If  the  gel  would 
puddle/collect  somewhere  and  then  hold  dirt  and/or  chemicals, 
something  bad  might  happen  even  if  the  gel  itself  was  not  attacking 
or  harming  the  item. 

(3)  Perhaps  a  multi-layer  design  could  be  successfully 
developed  that  relied  upon  outer  layers  to  somehow  Intercept  and 
overcome  the  wind,  so  that  wind  forces  would  not  be  transferred  to 
the  inner  surface  and  the  inner  surface  would  not  move  in  windy 
conditions.  We  have  some  ideas/concepts  on  the  drawing  board,  but 
we  expect  to  perform  several  iterations  of  *'make  one;  try  it" 
before  we  determine  the  feasibility  of  this  conceptual  approach. 

(a)  Preventing  wind-induced  movement  of  the  inner 
surface  will  be  a  big  challenge.  The  wind  forces  on  the  edges  and 
-outside  surface  of  the  cover  must  somehow  be  defeated  so  that  they 
do  not  cause  the  inside  surface  to  move.  This  can  be  done,  if  we 
are  clever  enough. 

(1)  Consider  the  concept  of  having  an  inner  cover 
that  covers  the  transparency,  and  is  securely  held  down  with 
straps,  etc. 


(a)  Elastic  edges  or  even  some  elastic 
properties  for  the  entire  inner  cover  would  probably  be  Involved 
with  this  "underwear"  for  the  transparency,  producing  a  snug,  form- 
hugging  fit. 


(b)  Over  the  inner  cover  would  tie  an  outer 
cover  (which  actually  would  be  a  different  layer  of  the  overall 
cover) .  The  outer  cover/layer  would  extend  past  the  inner  cover  in 
all  directions  by  perhaps  one  foot.  The  outer  cover  would  also  be 
held  down  with  straps,  and  there  would  probably  be  some  elastic 
used  at  the  edges.  Wind  that  got  under  the  outer  cover  would  push 
the  outer  cover  upwards,  but  would  also  push  the  inner  cover 
downwards.  If  the  inner  cover  still  tended  to  move  too  much, 
another  cover/ layer  could  be  between  the  outer  and  inner  cover. 

(2)  A  variation  on  the  theme  that  might  be 
feasible  in  some  cases  would  be  to  have  an  inner  cover  that  would 
be  air-tight. 


(a)  The  inner  cover  would  probably  have  to 
have  a  plastic  film  layer  over  the  entire  cover  to  prevent  air 
leaks  through  the  cover  itself.  Some  cover  edge  design  features 
would  also  be  needed  to  form  an  air-tight  seal  on  the  perimeter. 
A  small  vacuum  pump  could  be  used  to  draw  air  from  underneath  the 
cover.  The  cover  would  then  be  pressed  tightly  against  the 
transparency  surface  by  ambient  air  pressure. 

(b)  This  concept  would  probably  NOT  be  a 
preferred  design  in  most  cases.  It  would  be  difficult  to  get  a 
good  seal  around  the  entire  perimeter  of  the  cover.  The  cover 
might  have  to  use  the  perimeter  of  the  transparency  as  the  surface 
it  would  seal  against  rather  than  extend  onto  the  metal  panels 
adjacent  to  the  transparency.  Perhaps  more  importantly,  the 
additional  complications  involved  with  either  a  vacuum  ptimp  or  a 
vacuum  bottle  (which  would  need  frequent  replacement)  would  make 
the  design  much  less  user  friendly. 

(3)  Perhaps  the  above  approach  (without  vacuvua) 
would  be  able  to  counteract  the  bad  effects  that  wind  could  cause. 
However,  we  can  probably  do  better  than  that. 

(4)  Rather  than  view  the  wind  as  just  an  enemy, 
try  viewing  the  wind  as  something  that  could  be  used  to  advantage. 
Use  the  wind  to  help  defeat  the  wind  (Judo  philosophy) . 

(a)  Hind  will  get  under  the  outer  cover  layer, 
so  why  not  use  it?  consider  air  bags,  inflated  air  mattresses  for 
swimming  pools,  self-inf lating  sleeping  mattresses  (contain 
compressible  foam  that  springs  back  when  pressure  released) ,  and 
one-way  "flapper"  valves.  The  air-filled  bags/mattresses  all 
provide  impact  resistant  with  low  weight,  the  characteristics  that 
are  needed  for  an  effective  hail  Impact  protective  cover. 

(b)  As  a  means  of  harnessing  and  using  wind, 
use  one  (or  more)  self-inflating  layers. 

(1)  Each  layer  would  be  subdivided  into 
sections/strips  so  that  failure  of  one  section  would  not  cause  the 
entire  layer  to  deflate. 

(2)  Each  section  would  have  thin,  strong 
film  for  the  top,  bottom,  and  sides.  One  continuous  tube  made  from 
a  piece  of  film  might  be  the  best  approach. 

(3)  At  each  end  there  would  be  a  simple 
"flapper  valve".  For  example,  visualize  a  small,  square,  vertical 
piece  of  fairly  rigid  material  with  a  hole  in  the  middle.  On  the 
top  Inside  surface  of  the  square  piece,  attach  a  flap  of  material 
that  hangs  down  and  covers  the  hole. 

(4)  When  the  wind  blows  In  one  end,  the 
flap  of  material  is  blown  back  and  the  air  enters  the  section  of 
the  cover.  The  same  wind  pushes  the  flap  against  the  hole  on  the 


other  end  of  the  section.  The  air  cannot  leave,  so  it  inflates  the 
section  of  the  cover.  The  same  process  occurs  in  each  section  of 
the  cover,  inflating  the  entire  layer.  If  there  are  two  such 
layers  in  the  cover,  the  same  process  occurs  with  the  second  layer. 

(5)  Note  the  effect  of  having  one  section 
with  a  large  rlp/puncture.  The  section  would  not  remain  inflated 
when  the  wind  stopped.  However,  the  sides  of  adjacent  sections 
would  be  glued/ attached  together.  The  top  of  the  damaged  section 
would  sag  when  the  wind  was  not  blowing,  but  the  Inflated  sections 
on  each  side  of  it  would  hold  the  edges  up.  The  top  of  the  damaged 
section  would  droop/ sag  from  side  to  side,  but  would  still  have  an 
air  gap  and  still  offer  some  hail  impact  protection. 

(6)  The  sections  of  cover  will  remain 
inflated  when  the  wind  stops  only  if  the  flaps  remain  pushed 
against  the  holes.  The  flaps  will  stay  in  position  because  they 
fall  there  via  gravity,  they  are  slightly  spring-loaded  to  the 
closed  position,  and/or  because  there  is  a  slight  pressurization 
inside  the  inflated  cover. 


(a)  We  are  not  pressurizing  a  constant 
small  volume  (example:  a  diver's  air  tank).  Instead,  we  are 
inflating  the  cover  and  creating  a  larger  volume  of  air  against  a 
very  slight  resistance  (example:  a  toy  balloon) .  Elastic 
properties  either  in  the  film  itself  (probably  degrade  strength  and 
durability) ,  or  in  gentle  elastic  attachments  for  the  top  portion 
of  each  section  would  provide  the  resistance.  The  elastic  would 
maintain  a  constant,  very  slight  pressure  on  the  inflated  cover  to 
keep  the  flapper  valves  closed. 

(b)  The  length  of  time  the  cover  will 
remain  inflated  will  be  a  function  of  how  air-tight  the  flapper 
valves  are  in  the  closed  position  (assuming  the  film  is  intact  and 
air-tight  in  the  rest  of  the  section  of  cover) .  Perhaps  the 
flapper  design  should  not  be  a  flat  piece  with  a  hole  and  a 
moveable  flapper,  since  the  flat  piece  might  not  stay  upright. 
Instead,  perhaps  the  flapper  valve  design  should  be  a  small  cube 
with  holes  on  two  cube  faces.  A  cube  would  stay  properly  oriented. 
Two  moveable  flappers  could  be  used  in  series,  one  against  each 
hole  in  the  cube.  Both  flappers  would  have  to  fail  before  the 
section  would  fail  to  remain  inflated. 

(c)  When  the  cover  was  removed  from 
the  aircraft,  it  would  need  to  be  folded  or  rolled  into  a  compact 
shape  for  easy  storage.  The  cover  would  need  to  be  deflated,  and 
there  are  several  options  for  accomplishing  this.  The  flapper 
valves  could  be  defeated  by  inserting  something  to  keep  them  open, 
but  this  would  be  labor  Intensive.  Simple  valves  such  as  those 
used  in  air  mattresses  for  swimming  pools  could  be  installed  in 
each  section,  and  when  the  plug  was  pulled  from  the  valve  the 
sections  would  deflate.  Better,  but  still  labor  intensive. 
Instead,  why  not  connect  all  the  relief  valves  to  one  tube,  and 
only  have  to  "pull  the  plug"  on  one  master  valve.  Since  each 


/  opened  valve  would  have  to  be  closed  again  the  next  tine  the  cover 

was  used,  tine  saved  during  deflation  would  also  be  tine  saved 
during  installation. 


(c)  One  additional  wind-powered  feature  that 
could  be  considered  would  be  the  addition  of  a  wind-powered  vacuiin 
pump  attached  to  the  inner  cover.  The  vacuum  pump  could  be 
positioned  in  many  different  locations.  Example:  Attach  it  to  a 
wide  part  of  a  cover  attaching  strap.  As  discussed  previously,  the 
vacuum  pump  approach  would  probably  not  be  feasible  for  most 
aircraft/helicopters.  However,  a  wind-powered  vacutim  pump  would  be 
a  way  of  eliminating  the  need  for  either  power  or  frequent 
maintenance  attention  for  a  vacuum  bottle  of  an  installed  cover. 

(d)  Self-inflating  sleeping  mattresses  (for 
hikers  and  climbers)  are  very  light  weight.  They  have  foam  that 
easily  compresses  into  a  small  volume,  but  when  the  mattress  is 

/  rolled  out  the  foam  expands,  pulling  air  in  through  an  open  valve. 

The  valve  is  then  closed  to  trap  the  air,  and  the  inflated  mattress 
is  ready  for  use. 


(1)  Using  a  large,  foam-filled  mattress  as 
a  hail/solar  cover  would  probably  work,  but  it  might  be  too  bulky. 
Then  again,  users  might  find  it  very  satisfactory. 

(2)  Instead  of  a  continuous  piece  of  foam, 
use  small  pieces  of  foam  periodically  in  the  cover  to  keep  the  top 
and  bottom  edges  of  the  inflatable  sections  spaced  apart.  They 

—  could  also  help  keep  the  edges  spaced  apart  so  that  wind  would 
reach  the  flapper  valves  more  easily. 

(a)  It  is  possible  but  unlikely  that 
a  severe  hall  storm  would  occur  with  no  wind  before  or  during  the 
storm.  In  that  situation,  the  foam  would  insure  there  were  some 
air  gaps  in  the  cover.  The  deflated  cover  would  provide  some 
impact  protection.  The  larger  the  foam  pieces,  the  farther  apart 
the  cover  layers  would  be,  and  the  more  protection  the  deflated 
cover  would  provide.  Such  a  design  would  also  provide  some  impact 
protection  against  dropped  objects  in  an  indoor  maintenance 
environment . 


(b)  Taken  to  an  extreme,  the  cover 
with  foam  piece  spacers  would  start  to  use  the  energy  absorbing 
principles  found  in  trampolines,  safety  nets,  and  golf  driving  nets 
rather  than  air  bags.  This  conceptual  approach  might  work  just 
fine,  and  it  would  make  possible  the  deletion  of  the  flapper  valves 
should  those  prove  to  be  an  unreliable  or  costly  component  in  the 
cover  design.  It  would  also  probably  make  it  faster  and  easier  to 
fold,  roll,  and  store  the  cover  since  there  would  not  be  the  need 
for  deflating  the  cover  using  one  or  more  small  valves. 

16.  Is  a  practical  design  possible  that  could  be  created  and 
purchased  at  reasonable  cost?  ABSOLUTELY;  we  are  certain  it  is. 
He  believe  there  are  several  designs  that  would  work  well.  Hill  we 
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have  the  resources  (money,  time,  people,  ideas)  to  properly  pursue 
creating  such  a  design?  The  effort  won't  cost  a  great  deal,  and  we 
have  high  hopes  that  we  will  get  the  resources  we  need.  Are  we 
smart  enough  to  create  a  successful  design,  given  adequate 
resources?  We  think  so,  but  time  will  tell. 

17.  So  much  for  cover  design  ideas.  There  needs  to  be  some 
testing  techniques  that  can  determine  if  a  promising  cover  provides 
adequate  protection  against  solar  heating,  rain,  and  severe  hail. 

a.  Preliminary  coupon  level  tests  could  determine  which 
materials  were  suitable  and  safe  to  use  as  inner  surfaces  for 
covers  which  would  contact  the  transparencies.  Two  of  the  most 
critical  characteristics  to  verify  would  be  that  the  material  would 
not  hold  dirt  and  cause  scratches,  and  the  material  does  not  have 
plasticizers  that  would  "outgas"  and  cause  crazing  of  acrylic. 

b.  It's  not  too  hard  to  come  up  with  realistic  tests  to 
evaluate  covers  exposed  to  solar  heating  and  rain. . .operational 
evaluations  using  actual  aircraft  and  actual  maintenance  personnel 

/"  would  be  the  most  realistic  testing  technique. 

c.  Hail  Impact  testing  becomes  a  bit  mere  difficult.  One 
needs  to  consider  (1)  the  testing  equipment  used  to  launch/fire  the 
simulated  hail  atone  at  the  target,  (2)  what  projectiles  would  be 
suitable  for  impacting  unprotected  items,  and  (3)  what  projectiles 
would  be  suitable  for  impacting  protective  covers. 

d.  There  are  already  several  standard  testing  procedxires 
published  by  the  American  Society  for  Testing  and  Materials  (ASTM) , 
but  these  procedures  are  intended  for  use  when  one  is  evaluating 
the  effects  on  uncovered  materials/objects  when  the  items  are  hit 
with  hail. 

(1)  The  simulated  hail  stone  is  made  by  freezing  water. 

(2)  The  standard  tests  and  testing  equipment  involve 
shooting  one  hail  stone  against  the  item.  The  testing  equipment 
includes  a  single-shot  gun  which  is  not  intended  for  multiple  shots 
in  rapid-fire  fashion. 

(3)  The  single  shot  approach  is  perfectly  adequate  for 
determining  vulnerability  of  and  damage  to  an  unprotected  item. 
For  example,  if  hail  impact  caused  dents  in  sheet  metal,  it  would 
make  little  or  no  difference  if  multiple  impacts  occurred  seconds 
apart,  or  hours  apart. 

(4)  The  single  shot  testing  approach  is  NOT  a  realistic 
way  to  determine  if  a  cover  will  provide  adequate  protection.  For 
example,  a  properly  designed  inflated  cover  should  have  no  trouble 
with  stopping  the  first  hail  stone.  However,  will  the  first, 
second,  and  third  hailstones  cause  the  cover  to  partially  deflate? 
If  so,  will  the  cover  still  provide  protection  against  hail  stone 
#20?  #30?  Severe  hail  storms  do  not  last  long,  but  they  typically 
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last  several  minutes.  The  hail  stoina  will  subject  the  cover  to 
multiple  impacts  in  rapid  succession. 


e.  The  simulated  hail  stone  projectile  should  have  the  same 
size,  weight,  and  impact  velocity  as  an  actual  hall  stone. 

(1)  If  the  simulated  hail  stone  will  impact  against  the 
unprotected  item,  the  projectile  used  should  also  have  the  same 
physical  characteristics  (hardness,  strength,  etc)  as  actual  hail 
stones . 


(a)  Frozen  water  seems  to  be  the  best  candidate  as  a 
simulated  hail  stcne  projectile.  Different  mold  (ice  cube  tray) 
sizes  and  shapes  can  be  used  to  produce  whatever  sizes  and  shapes 
are  desired.  By  varying  the  length  of  time  in  the  freezer,  one  can 
make  hail  stones  with  liquid  centers.  That  is  a  possible  real 
world  hail  stone,  but  it  is  not  apparent  what  additional 
information  would  be  gained  by  using  both  completely  frozen  and 
partially  frozen  hall  stones  in  the  testing  progrzun.  We  need  only 
concern  ourselves  with  hail  stones  that  could  do  damage,  and  can 
therefore  disregard  small,  soft  hail  stones. 

(b)  Test  equipment  and  techniques  used  to  accelerate 
the  projectile  to  desired  velocities  will  have  to  be  appropriate. 
Equipment  or  techniques  that  shattered  the  simulated  hail  stones 
during  the  acceleration  phase  would  not  be  appropriate. 
Techniques/equipment  for  launching/ firing  the  frozen  water 
projectiles  must  result  in  an  intact  hail  stcne  Impacting  the 

target -at  100-!<PH. - Some  options  for  accomplishing  this  would 

include: 

(a)  The  equipment  specified  in  the  ASTM  test  methods. 
Hodlfylng/redesigning  the  equipment  for  faster  reloading  and  firing 
could  be  considered.  Using  multiple  launchers  against  the  same 
target  would  be  another  way  to  get  multiple  impacts  in  a  short 
length  of  time.  However,  the  equipment  is  expensive. 

(b)  Drop  or  throw  hail  stones  from  the  top  of  a  tall 
building.  The  initial  hail  stone  velocity  could  be  zero  (if 
dropped)  or  higher  (if  thrown),  and  gravity  would  increase  the 
velocity  during  the  descent.  This  would  be  a  low  cost  and 
realistic  testing  approach,  provided  some  conditions  could  be  met. 
These  conditions  would  include: 

(1)  The  intended  target  zone  must  either  have  no 
items  in  the  vioinity  that  need  protecting  (windows,  cars, 
pedestrians,  etc) ,  or  adequate  protection  must  be  provided  to  those 
items.  The  possibility  of  hail  stones  impacting  the  side  of  the 
building  during  their  descent  must  also  be  considered. 

(2)  It  must  be  acceptable  to  use  large  numbers  of 
hail  stones  in  a  steady  stream  to  produce  multiple  impacts  in  rapid 
succession  and  to  allow  for  dispersion/ Inaccuracies.  Most  of  the 
hail  stones  will  miss  the  intended  target. 
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(3)  There  must  be  no  possibility  that  personnel 
conducting  the  test  (such  as  myself)  will  accompany  the  hall  stones 
during  their  descent.  Such  an  event  would  be  extremely  harmful  to 
the  overall  program  even  If  the  cover  was  not  damaged. 

(c)  Giant  8llng**shots  that  would  provide  steady 
acceleration  and  not  shatter  the  hall  stones.  To  get  rapid-fire 
Impacts,  use  several  sling-shots  at  the  same  time. 

(d)  The  long,  curved  baskets  or  gloves  used  by  Jai 
Alai  players  to  catch  and  throw  balls.  For  multiple  rapid-fire 
impacts,  have  several  baskets  and  several  individuals  using  them. 

(e)  Perhaps  some  specially  designed  cross-bow  could  be 
created  and  used.  The  principle  would  be  similar  to  that  of  the 
sling-shot  (using  bent  wood  or  bent  composite  instead  of  stretched 
elastic) ,  but  the  acceleration  would  be  much  higher  because  it  was 
over  a  shorter  distance.  If  the  acceleration  was  too  high  with  a 
traditionally  sized  cross-bow,  a  giant  cross-bow  could  be  created 
that  used  a  longer  distance  to  accelerate  the  simulated  hall  stone. 

(f)  Another  variation  on  the  theme  that  could  be  tried 
would  be  a  giant  size  bow  and  arrow.  The  arrow  could  be  tethered 
so  that  it  was  stopped  before  it  impacted  the  target.  The  head  of 
the  arrow  could  consist  of  a  cup  into  which  the  hail  stone  was 
placed. 

(g)  Another  variatron  on  the~sring-shot7  cross-bow, 
and  bow  and  arrow  concepts  are  to  create  a  large,  rigid  rack  or 
framework,  and  mount  multiple  copies  of  the  hail  stone  launchers 
side  by  side.  For  example,  position  them  at  6  inch  inteirvals. 
Each  launcher  would  be  loaded  and  the  string/elastic  pulled  back 
and  engaged  into  a  releaso  mechanism.  One  individual  could  then  go 
down  the  line,  releasing  each  launcher  in  a  rapid-fire  manner. 

(h)  The  number  of  different  launching  devices  that 
could  be  created  is  large,  and  each  could  be  constructed  in  a 
variety  of  ways.  Perhaps  a  disciple  of  Mr  Ruben  L.  Goldberg  would 
agree  to  be  a  consultant  during  the  design  process  to  help  Insure 
the  final  result  was  memorable  and  noteworthy. 

(2)  If  the  simulated  hall  stone  will  Impact  against  the 
protective  cover,  other  simulated  hail  stone  options  become 
available.  Size,  weight,  and  impact  velocity  must  still  match  the 
real  world  hail  stones. 

(a)  The  hail  stone  Impact  event  will  now  consist  of 
the  hail  stone  impacting  the  cover,  the  cover  absorbing  the  Impact 
energy  and  momentum,  and  the  cover  distributing/ transferring  the 
impact  energy /momentum  to  the  aircraft  in  a  way  that  causes  no 
damage.  It  la  no  longer  important  for  the  simulated  hall  atone  to 
match  the  strength  and  hardness  of  real  world  hail  stones.  it 
would  be  wise  to  use  real  hail  stones  during  a  final  qualification 


test,  but  real  hail  stones  would  not  be  essential  during 
developmental  tests. 


(b)  What  are  some  simulated  hail  stones  that  could 
now  become  candidates  for  testing? 

(1)  Frozen  water  will  always  be  a  suitable 
material  for  simulated  hail  stones,  but  the  use  of  frozen  water 
places  limitations  on  the  type  of  equipment  that  can  be  used  to 
launch/fire  the  projectile. 

(2)  Tennis  balls  filled  with  frozen  water  are  one 
possibility.  The  tennis  ball  cover  would  keep  the  frozen  water 
from  shattering  when  the  launching/ firing  equipment  provides  a  very 
sudden  acceleration  to  the  simulated  hail  projectile. 

(3)  Tennis  balls  filled  with  congealed  gelatin 
might  work  well,  especially  if  there  were  sometimes  delays  in 
launching  the  projectile  that  would  cause  frozen  water  to  partially 
melt. 


(4)  Golf  ball  size  hail  is  a  threat.  Why  not 
use  an  actual  golf  ball? 

(5)  Baseball  size  hail  is  the  "worst-case" 
threat,  so  using  a  baseball  would  seem  reasonable. 

(3)  When  the  simulated  hail  projectile  is  NOT  ice,  other 
options  become  available  for  projectile  launchers. 

(a)  All  of  the  equipment  and  techniques  discussed 
above  that  could  be  used  to  launch  frozen  water  could  also  be  used 
with  other  projectiles.  However,  some  additional  precautions  would 
be  needed  if  the  tall  building  approach  was  used  for  golf  balls  or 
baseballs.  All  hard  surfaces  (driveways,  walkways,  hard  dirt,  etc) 
would  need  to  be  covered  with  mattresses  or  similar  to  prevent  the 
balls  from  bouncing  long  distances. 

(b)  Baseball  bats  could  be  used  to  launch  baseballs. 
Place  ball  on  "T"  and  hit  it.  Use  several  people,  bats,  and  "T"8 
to  get  the  rapid-fire  effect.  Caution:  Be  sure  there  is  enough 
spacing  between  people  to  prevent  injuries.  Perhaps  the  entire 
testing  setup  should  be  enclosed  in  netting  to  ensure  impact  tests 
are  not  conducted  with  building  windows,  cars,  or  pedestrians 
passing  by. 

(c)  Baseball  pitching  machines  could  be  acquired  and 
used.  Multiple  machines  could  be  set  close  together,  and  create 
the  rapid-fire  effect. 

(d)  Baseball  pitchers  could  be  used  who  have  major- 
league  caliber  fast  balls  of  90  MPH  or  faster.  Possible  problems: 
Would  they  do  it  for  free  in  exchange  for  "thank  you"  letters  to 
them  and  to  their  team?  Will  minor  league  pitchers  with  control 
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problems  be  sufficient,  or  would  we  try  for  major  leaguers  with 
multi-million  dollar  salaries?  But. .  .what  happens  if  Rob  Dibble  or 
some  other  famous  pitcher  hurts  his  arm  while  participating  in  our 
testing  effort?  Can  we  take  the  chance  of  being  mentioned  on  ESPN 
Sports  Center  and  national  news  shows  as  the  reason  the  Cincinnati 
Reds  probably  won't  make  the  playoffs  next  year? 

(e)  Golf  clubs  work  just  fine  as  devices  for  launching 
golf  balls.  In  addition,  good  golfers  have  fairly  repeatable 
swings  and  the  velocity  of  golf  balls  will  not  vary  greatly  from 
shot  to  shot.  Desired  velocity  changes  can  be  made  by  changing 
clubs.  For  example,  perhaps  a  5  iron  will  produce  an  85  MPH 
velocity  and  a  driver  will  produce  120  MPH.  Rapid  fire  impacts 
could  be  produced  by  having  two  good  golfers  perform  a  special 
training  routine:  Line  up  a  row  of  golf  balls  on  tees,  swing  back 
and  forth  continuously,  and  hit  a  ball  about  every  second.  Large 
driving  nets  to  keep  mis-hlts  from  getting  away  would  probably  be 
needed. 


f.  Whatever  simulated  hall  stone  are  used,  and  whatever 
equipment  and  techniques  are  used  to  launch  the  simulated  hail 
stone,  some  means  of  measuring  the  velocity  of  the  projectile  will 
have  to  be  used. 

(1)  Standard  test  methods  typically  rely  upon  electronic 
devices  that  measure  the  time  it  takes  for  the  projectile  to  pass 
between  two  points,  and  automatically  calculates  the  velocity. 
Trip  wires.  X-rays,  and  other  techniques  for  noticing  the 
projectile  are  used.  These  techniques  could  be  used  with  most  of 
the  launchers  discussed  above  (except  perhaps  the  tall  building 
approach) . 

(2)  An  alternative  would  be  to  use  a  radar  gun,  such  as 
those  used  on  highways  by  police,  and  to  measure  the  velocity  of 
baseballs  thrown  by  pitchers.  The  gun  should  be  portable  and  must 
be  capable  of  measuring  the  velocity  of  golf  ball  sized  objects. 
Such  an  item  was  located  which  would  cost  less  than  $1200.  As  an 
additional  benefit,  the  speed  gun  could  have  a  second  career  after 
the  cover  effort  was  completed,  being  used  as  a  baseball  speed  gun 
by  the  base  baseball  team.  The  radar  gun  could  be  used  to  measure 
and  calibrate  the  velocity  of  any  of  the  projectiles,  launched  by 
any  of  the  equipment  items. 

(3)  A  less  sophisticated  but  still  usable  technique  would 
be  to  fire  at  some  distant  target  (example:  200  feet  away),  use  a 
projectile  that  has  minimum  air  resistance,  measure  the  time  in 
flight  for  the  projectile  with  a  stop  watch,  assume  velocity  was 
constant  (bad  assumption),  and  calculate  the  velocity. 

18.  To  summarize: 

a.  There  are  situations  where  exterior  covers  are  needed  to 
protect  aircraft  transparencies  from  hostile  environmental 
exposures . 


637 


b.  It's  not  easy  to  create  a  cover  that  will  be  of  significant 
benefit,  and  one  must  beware  of  covers  that  cause  significant  harm. 

c.  Once  a  cover  has  been  created,  it  must  be  evaluated.  No 
standard  test  techniques  now  exist  for  evaluating  the  effects  of 
severe  hail  storms. 

d.  We  are  confident  we  can  create  a  worthwhile  cover  design, 
and  we  are  also  confident  that  we  can  devise  and  use  realistic  and 
effective  testing  techniques  to  evaluate  covers  versus  severe  hail 
storms. 


e.  Rather  than  just  express  confidence  and  philosophy,  we  have 
gone  out  on  a  limb  by  providing  specific  examples  and  details  of 
what  we  have  in  mind  for  both  cover  designs  and  hail  impact  testing 
techniques.  Such  specific  information  is  much  more  helpful  and 
interesting  to  readers  and  candidate  cover  users.  Some  might 
become  interested  in  and  supportive  of  the  effort,  and  others  might 
want  to  check  at  a  future  date  to  see  if  our  ideas  and  concepts 
actually  worked.  Perhaps  someone  who  has  both  problems  and 
resources  might  want  to  "press  on"  and  make  covers  that  use  our 
ideas. 

f.  What  will  the  future  bring?  Will  our  cover  concepts  and 
hail  testing  ideas  prove  to  be  feasible?  Stay  tuned  for  further 
developments . 


MALCOUf  E.  KELLEY  2  Atch 

Operational  Diagnostician  1.  Ext  cover  lessons  learned 

Aircrew  Protection  Branch  2.  Static  cling  cover  concepts 

"’’ehicle  Subsystems  Division 
Flight  Dynamics  Directorate 
Wright  Laboratory 


638 


EXTERIOR  COVER  EXPERIENCES .. .AND  LESSONS  LEARNED 


a.  Example  #1;  A  private  aircraft  owner  used  a  thin  exterior 
windshield  cover  regularly  on  his  aircraft,  and  was  content  with 
it.  He  then  flew  to  a  southern  location  on  a  summer  day,  and  left 
his  aircraft  parked  for  a  day  with  the  usual  exterior  cover 
installed.  When  the  cover  was  removed,  the  windshield  was  unusable 
due  to  severe  crazing  and  had  to  be  replaced  before  he  could  leave. 

(1)  Cause  of  problem:  Unless  they  are  perfect  reflectors 
(nothing  is) ,  materials  will  absorb  some  solar  energy  and  get 
warmer.  If  the  material  is  thin,  the  inside  surface  temperature 
will  be  about  the  sane  as  the  outside  surface  temperature.  If  the 
item  is  in  contact  with  the  item  underneath  (i.e.,  the  windshield) 
the  outer  surface  of  the  item  will  also  be  about  the  same 
temperature . 

(2)  For  aesthetic  and  other  reasons,  exterior  covers  would 
typically  be  neither  highly  reflective  nor  a  bright  white  color. 
Even  if  they  started  as  a  white  color,  a  used  cover  would  become  an 
off-white  due  to  dirt  and  stains.  Colors  and  patterns  that  do  not 
show  dirt  or  attractive  scenes  would  tend  to  have  appeal  to  private 
customers.  Camouflage  patterns  would  appeal  to  DoD  customers, 
especially  if  the  covers  might  be  used  during  combat  operations. 

(3) . . The  unrealistic  "worst  case"  cover  color  (that 

hopefully  nobody  wants)  would  be  a  flat  black.  In  hot  sunny 
weather,  black  surfaces  can  reach  temperatures  between  200  and  250 
degrees  F.  The  temperature  reached  by  an  exterior  cover  would  be 
determined  largely  by  it's  color,  and  covers  with  patterns  or  non- 
white  colors  might  have  temperatures  in  the  140  to  180  degree 
range . 


(4)  Crazing  of  acrylic  is  caused  by  combinations  of 
factors,  to  include  stress,  chemicals,  and  elevated  temperatures. 
The  same  stress  and  chemical  exposures  that  have  no  noticeable 
effect  at  room  temperatures  can  cause  severe  crazing  at  higher 
temperatures  such  as  150  degrees  F. 

(5)  Lesson  to  be  learned:  Design  the  cover  so  that  the 
exterior  cover  does  not  raise  the  temperature  of  the  transparency's 
outer  surface.  There  are  a  variety  of  design  concepts  that  could 
accomplish  this. 

b.  Example  #2;  It  is  important  to  avoid  scratching  the  outer 
surface  of  thw  transparency.  A  soft  material  would  seem  to  be  a 
logical  choice.  A  felt  material  was  used  with  some  helicopter 
covers,  and  a  soft  artificial  fur  was  used  with  covers  for  various 
aircraft  canopies.  These  covers  caused  scratched  transparencies. 
Reasons : 


(1)  Consider  the  Desert  Shield  environment.  High  winds, 
blowing  sand,  and  periods  of  rain  were  experienced. 
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(a)  Dry  felt  will  tend  to  pick  up  and  hold  sand  and 
fine  dirt.  Felt  would  also  tend  to  absorb  water,  and  sand  would 
stick  to  wet  felt  very  well  indeed.  Wet  felt  plus  sand  night 
remind  some  of  sandpaper.  Place  these  covers  against 
transparencies,  add  wind  for  the  rubbing  action,  and  severe 
scratching  will  result. 

(b)  Lesson  learned:  Don't  use  felt,  especially  if 
water  or  sand  is  part  of  the  environment. 

(c)  Artificial  fur  is  soft,  but  blown  sand  and  dirt 
can  penetrate  the  fur  and  be  retained.  Place  the  cover  on  an 
acrylic  transparency  and  add  wind.  An  excellent  design  might 
greatly  reduce  of  even  prevent  additional  sand/dirt  from  blowing 
under  the  cover  and  onto  the  transparency.  However,  sand/dirt  that 
was  already  in  the  fur  would  be  shaken  out,  and  would  have  no  place 
to  go  except  onto  the  acrylic.  Sand  being  rubbed  back  and  forth  by 
soft  fur  will  cause  scratches. 

(2)  Lesson  to  be  learned:  The  combination  of  sand/dirt, 
wind,  and  rain  is  a  very  important  (and  very  challenging) 
environmental  exposure.  If  sand/dirt  is  present  on  the 
transparency  (or  is  deposited  on  the  transparency  by  the  cover 
Itself) ,  then  using  a  cover  which  is  in  contact  with  the 
transparency  and  moves  with  the  wind  will  probably  cause 
transparency  damage. 

c.  Example  #3.  Let  us  go  forward  in  time  and  use  a 
hypothetical  example  from  this  future. 

(1)  An  exterior  cover  design  has  been  developed  that  works 
great  in  preventing  hot  cockpits,  using  a  highly  reflective  outer 
surface.  The  design  somehow  manages  to  be  utopian  in  virtually  all 
other  Important  categories,  to  include  ease  of  use,  preventing 
damage  in  wind/blowing  sand,  etc.  The  design  is  in  use  on  all  DoD 
aircraft  and  helicopters. 

(2)  A  conflict  breaks  out  and  DoD  units  deploy  to  the 
area.  USAF  aircraft  are  parked  at  an  air  base  fairly  near  the  main 
conflict  area,  and  US  Army  units  with  helicopters  are  positioned 
several  miles  from  the  conflict.  The  bad  guys  make  a  sudden,  sneak 
attack  on  our  forces  during  daylight,  using  small  ground  forces 
versus  our  helicopter  units  and  aircraft  versus  our  aircraft.  The 
attack  is  very  successful. 

(3)  After-action  analysis  determines  that  the  reflective 
exterior  covers  made  it  easier  for  the  bad  guys  to  spot  our 
aircraft  and  helicopters. 

(4)  Lesson  to  be  learned:  If  you  need  to  hide  an  aircraft 
or  helicopter,  then  you  should  not  cover  it  with  something  that 
makes  it  easy  to  see  and  identify. 
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STATIC  CLING  FILM  CONCEPTS  AS  EXTERIOR  COVERS 


1.  A  thin  static  cling  film  could  be  applied  as  a  sacrificial 
protective  film  layer.  It  would  be  removed  and  discarded  before 
each  flight. 

a.  Ways  to  apply  the  film  to  the  transparency  could  include 
having  the  film  on  a  roll,  place  it  on  one  edge  of  the 
transparency,  and  unroll  it  across  the  surface.  If  there  are  two 
individuals,  one  could  be  on  each  end  of  a  sheet  of  film,  pull  it 
tight  in  the  air,  and  then  lay  it/place  it  on  the  transparency. 
Taping  it  down  around  the  edges  would  probably  be  needed  (not 
feasible  with  some  aircraft  surfaces) . 

b.  To  prevent  heating  of  the  transparency's  outer  surface  when 
the  film  was  used  by  itself,  the  film  would  either  have  to  be  a 
perfect  reflector,  or  be  completely  transparent.  Alternatively, 
the  film  could  be  applied  to  the  transparency  and  then  a  separate 
reusable  exterior  cover  installed. 

2.  The  concept  sounds  simple,  with  little  or  nothing  to  worry 
about.  However,  it  might  be  a  tad  premature  to  declare  success, 
publish  a  final  report  doctimenting  this  achievement,  and  terminate 
further  efforts  in  the  area*  Before  pressing  on  with  this  "sure¬ 
fire"  solution,  perhaps  the  following  items/topics  should  be 
considered. 


a.  In  some  conditions  it  might  score  poorly  in  the  "ease  of 
use"  criteria.  Installing  it  in  windy  conditions  might  be 
annoying.  It  might  not  stick  at  all  in  some  situations,  such  as 
moist  and/or  cold  surfaces. 

b.  Use  of  the  approach  would  involve  cleaning  the 
transparency,  then  applying  the  static  cling  film.  If  the  film  is 
impervious  to  chemicals,  whatever  residual  cleaning  chemicals  were 
on/ in  the  transparency  would  be  trapped  there  and  unable  to 
evaporate.  Would  this  result  in  crazing  developing  sooner? 

c.  Perhaps  the  film  would  not  be  impervious  to  chemicals,  and 
would  allow  them  to  pass  through.  This  might  be  good  news  when  one 
is  worried  about  trapping  chemicals  against  the  transparency.  It 
would  not  be  good  news  if  one  was  trying  to  use  the  film  to  protect 
the  transparency  from  chemicals  such  as  acid  rain,  paint  overspray, 
or  bird  droppings. 

d.  Perhaps  the  film  Itself  would  deteriorate  from  natural  and 
man-made  environmental  exposures.  If  the  deterioration  process 
resulted  in  loss  of  protection,  that  would  be  an  annoyance.  If  the 
deterioration  process  instead  caused  damage  to  the  transparency,  it 
could  be  a  very  serious  problem.  For  example,  if  chemicals 
attacked  and  partially  dissolved  the  static  cling  film,  the  result 
night  be  film  residue  that  would  be  difficult  to  remove.  What 
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would  the  effects  be  of  installing  the  film  and  leaving  it 
installed  for  weeks  at  a  time? 

e.  Could  and  should  the  static  cling  film  be  Installed  on  a 
wet  transparency,  a  cold  transparency,  or  a  dirty  transparency? 

f.  Another  worry:  If  the  aircraft  had  a  system  such  as  hot 
air  rain  removal  that  was  function  checked  by  maintenance 
personnel,  would  the  hot  air  on  the  film  cause  anything  bad  to 
happen? 

3.  Other  cover  design  possibilities  that  would  use  variations  on 
the  static  cling  idea  might  include  the  following: 

a.  Static  cling  properties  could  be  induced  in  various 
materials.  One  design  variable  would  be  the  film  thickness,  but 
other  possibilities  would  exist.  For  example,  a  thin  three->ply 
cover  might  be  worthwhile,  consisting  of  a  static  cling  film  on  the 
inside,  a  very  thin  cushioning  and  insulating  layer  over  it,  and  a 
reflective  mirror~like  surface  on  the  outside. 

b.  When  the  static  cling  film  was  used  in  conjunction  with  an 
outer  reusable  cover,  it  should  be  verified  that  the  film  would 
cling  to  ONLY  the  transparency,  and  would  not  cling  to  the  cover. 
If  it  clung  to  the  cover  instead  of  the  transparency,  the  required 
"no  movement"  feature  would  be  eliminated. 

c.  A  possible  design  variation  would  have  the  static  cling 
layer  against  the  transparency,  the  reusable  exterior  cover  over 
it,  and  between  the  two  would  be  a  "super-slick"  layer  that  would 
stick  to  neither  one.  The  super-slick  layer  would  prevent  the 
cover's  sidewards  movements  from  producing  any  sidewards  forces  on 
the  inner  static  cling  layer.  If  the  super-slick  layer  was 
reusable  it  would  be  an  integral  part  of  the  cover.  If  it  were  a 
one-tine  use  material  it  could  either  be  applied  over  the  static 
cling  Layer  as  a  separate  additional  maintenance  action,  or  the  two 
films  ^static  cling  and  super-slick)  could  be  on  the  same  roll  and 
applied  together  by  users.  One  minor  technical  difficulty:  We 
don't  know  of  a  suitable  super-slick  film  product.  (Details, 
details. ) 

d.  Another  possible  design  concept  would  have  a  static  cling 
inner  surface  as  an  integral  part  of  the  exterior  cover.  In  that 
case,  tests  would  have  to  show  that  the  static  cling  featiure  was  so 
strong  that  wind  would  not  cause  the  inner  surface  of  the  cover  to 
move.  A  static  cling  layer  would  probably  not  allow  the  cover  to 
be  pulled  into  position,  so  the  cover  would  have  to  either  be 
placed  in  position,  or  unrolled  into  position. 


U  S.  Ooveramnt  Priming  Office  SS0-1Q6 


